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ABSTRACT 
The effect of partial denervation on the development of 
skeletal muscles vas studied in inbred Lewis rats. The soleus 
(SOL) and extensor digitorum longus (EDL) muscles of 10-12 days 
old rats were partially denervated by removal of the right 
spinal nerve L4. Three to 70 days (10 weeks) later, final 
experiments were performed to measure maximal isometric twitch 
and tetanic tensions, contraction speed, and resting membrane 
potential of muscle fibres. The muscles were then processed for 
histociianical and iimmocytoch^ nicaX studies, or histological 
stucfy of the innervation pattern. Some animals were used for 
location of L5 motoneurons in the spinaX cord after tension 
measurement. The following results were obtained: 
x* m normal animals stimulation of 14 pi^ duced 51% and 92% of 
the total tension of SOI, and EDL respectively; stimulation 
of L5 produced 49% and 8% of the tension of these muscles 
respectively. 
2 • Tension of tte operated xauscles increased with age; tension 
of operated SOL increased at a similar rate as the normal 
(contralateral) muscle, whereas tension of operated EDL 
increased more slcwly than normal • Tension of normal EDL 
increased faster than tension of normal SOL. 
l 
3. The ratio [Tension of operated muscle (TO) / Tension of 
contralateral muscle (TC)] xlOO% # or percent recovery, 
iaidicated how well an operated muscle recovered. Because 
both TO and TC increased with age at constant rates, the 
percent recovery had no or only a weak correlation with age 
during the period of postnatal day 10-30. 
4 • There \ms, however, an increase In percent recovery of both 
muscles between postnatal day 30 and adulthood. This may 
indicate * catching-up1 in tension development of the 
operated imiscles. In adult, the perceit recovery of SOL had 
reachad 103%, whereas that of EDI* reached 58%. 
High percent recoveries were observed soon after the 
operatioru Ba^ d on this i t 鹏 deduced that intact axons 
印routed quickly in response to partial denervation, and 
ftocfcional recovery was near cxsnplete 4 days after operation 
in SOLg or 7 days after oparation in EDL; further 
improvement continued into adulthood. Compared with 
previous resists, fonctional recovery is completed faster 
for rats operated in neonatal stage than in adult. 
6- Motor unit size was examined in adult after neonatal 
operation. Units expanded by 1,6 of normal size in operated 
SOL, or by 2.4 times in operated EDL. These values are 
smaller than those from previous results for muscles 
partially denervated at adulthood, suggesting that neonatal 
motor units may have a lower capability to expand. 
_ • 
li 
7. Operated SOL relaxed slightly faster than normal, but 
contracted at a normal speed. Operated EDL contracted and 
relaxed more slowly than normal. 
8 • In operated SOL, there were more fibres with high succinic 
dehydrogenase, moderate alpha-glycerophosphate 
dehydrogenase, and high anti-fast ra/osin activities. These 
fast-oxidative-glycolytic fibres wer^  located evenly through 
the muscle. 
In operated EDL, there were roore fibres with high succinic 
dehydrogenase, low alplia-glycerophosphate dehydrogenase, 
hi命 anti-slow ntyosin, and lw anti-fast myosin activities, 
The increase in these slow-oxidative fibres may explain the 
slowing of contraation speed. 
9- There was a decrease in total rwnjber of muscle fibre in the 
operated EDL, indicating that those muscle fibres that had 
not been reinnervated by L5 had died. 
10. Resting roembram potentials w e^ lowered in the operated EDL 
muscle fibres but not in the SOL fibres. 
Motomurons of L5 were located over a longer extent in the 
operated side of spinal cord, as compared to the L5 
motoneurons in the contralateral side or to those in normal 
animals. 
It was concluded that operated SOL underwent normal 
development. But development of operated EDL was affected. The 
difference might be due to the more extensive denervation of 
• t • i n 
EDL； and probably to some inherent resistance of SOL 七。change 
as well. It was proposed that extensive sprouting caused 
weakening of axon terminals, and these terminals may not be able 
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CHAPTER 1 INTRODUCTION 
1.1 General Introduction 
The interrelationship between neurons and their target cells 
is a major area of research in neurobiology. The target cells 
may be other kinds of neurons in the central and peripheral 
nervous systems, or non-neuronal cells such as skeletal muscle 
ce l ls . Because of their accessibility to experimental 
manipulations, the neuromuscular junction between a motoneuron 
and a skeletal muscle cel l has been commonly used as an 
ejqDerimental model to study such relationship. The interaction 
at the neuromuscular junction involves synaptic transmission, 
and acco i^ing to many workers (see Fernandez and Donoso, 1988), 
trophic factors from the nerve terminals and muscle fibres as 
well. In this aspect, the neuromuscular interaction is similar 
to that among neurons within the central nervous system. 
Knowledge from studies on the motoneuron-muscle relationship 
would therefore greatly contribute to the understanding of the 
nervous system. 
Nerve injury results in total or partial loss of the nerve 
supply to a muscle. Many studies have been carried ou七七o 
investigate the effect of partial denervation on the postnatal 
development of muscle (see Betz et al. / 1990) • These studies 
focus mainly on the changes in the pattern of innervation in the 
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muscle. Changes in other muscle properties after partial 
denervation have not been systematically studied or correlated 
with .those in the innervation pattern. The reduction in nerve 
supply would induce a compensatory response of the remaining 
intact motoneurons,他ich is manifested by sprouting of their 
axons within the muscle (Edds, 1953). This results in 
motoneurons being forced to supply a la^er amount of the target 
tissue (or territory). It is well known that there is a close 
matching between motoneurons and muscles in their properties, 
ard disturbance to the nerve-muscle relationship may alter such 
properties (Vrbova et al., 1978). Partial denervation results 
in functional overloading of the motoneurons and according to a 
previous study (Huizar et al. , 1977) alteration of motoneuron 
properties. A question that may be asked is, therefore, whether 
there \411 be any change in muscle properties after partial 
denervation as a consequence of changes in the motoneuron 
properties. Since the development and differentiation of muscle 
are very much dependent on its nerve supply, it naturally may be 
further asked whether these events will be affected by the 
partial denervation. 
Apart from nerve injury, certain degenerative diseases of 
motoneurons in the central nervous system (see Merritt, 1979) 
also caus^ partial loss of nerve supply to muscles. It i s 
therefore of clinical importance to know more about the 
consequence of partial denervation on muscle. Furthermore, 
sprouting of other kinds of neurons is common after injury of 
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the central nervous system (Seil, 1989), and i t may possibly be 
a compensatory mechanism for the loss of neurons due to aging 
and diseases. However, successful functional recovery of the 
target neurons in the central nervous system by sprouts is rare 
(Seil, 1989) • This dilemma makes it more iirportant to know more 
about the relationship between sprouts and their target cells. 
This, therefore, is a study on the axonal sprout-muscle 
relationship. Specifically, i t aims to answer the questions 
raised above: "what are the changes in muscle properties after 
partial denervation; and, is muscle development affected by 
partial denervation. In the following parts of the 
INTRODUCTION, the control of muscle properties by the nerve 
during development and in adulthood will be reviewed. During 
development motoneurons undergo changes vMch may be related to 
those in the muscle; these changes will be described. Finally, 
results from previous studies on partial denervation of muscles 
will be reviewed. 
1-2 Neural Regulation of Muscle Development 
During the early stage of muscle development, inyoblasts fuse 
together and form primary myotubes. Shortly afterward, axon 
terminals form synaptic contacts on the myotubes (Bennett, 
1983). In the rat, primary myoblasts appear at day 16 of 
gestation (Harris et al., 1989) • It is generally agreed that 
—3 — 
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the development of inyoblasts and formation of primary myotubes 
are independent of the nerve supply (Harris et al. , 1989; 
Thompson et a l ” 1990). The innervated myotubes then 
differentiate into different types of skeletal muscle fibres 
\Mhich can be distinguished according to their ultrastructural, 
biochemical and contractile properties. 
Althoucfi a muscle can develop independently of the nerve 
during the early stage of nryogenesis, muscle fibres are unable 
to further develop unless they establish contact with the nerve 
at the myotube gtage (Carlson, 1973; Nelson, 1975)• 
Differentiation of aneural muscle fibres into different 
histochariical types was not achieved and the developing fibres 
finally died without the presence of motor nerve (Askanas, 
1974) . Moreover, in vivo studies showed that v^ ien the nerve was 
cut at the rayotube stage, differentiation into different muscle 
fibre types within the denervated muscle did not take place 
(Engel and Karpati, 1968; Shafiq et al. , 1972; Hanzlikova and 
Schiaffino, 1973). Different types of muscle fibres can also be 
distinguished with immunocytochemical methods for myosin 
isoenzymes (Gauthier, 1987) • Different opinions exist as to 
what extent the induction and change in synthesis of myosin 
isoenzyme depend on innervation (Htois et al. , 1989; Fladby and 
Jansen, 1990). Harris et al. (1989) found that the maturation 
of primary nr/otubes in the rat was independent of innervation up 
to day 19 of gestation, but the expression of »slow» myosin 
heavy chain required innervation at an earlier stage (day 15 of 
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gestation) ； as for the secondary myotubes, i ts appearance also 
required the presence of nerve. They concluded that 11 (while) 
七he early stage of muscle formation was independent of 
innervation or contractile activity, later development of muscle 
showed increasing reliance on these factors". This confirms the 
hypothesis of Vrbcfva et al. (1985) that properties of developing 
muscles are detentiined by neural activity, rather than inherent 
factors. 
A number of changes in muscle properties occurs following 
the establishment of nerve-muscle contacts. Resting membrane 
potentials of muscle fibres increase after innervation 
(Hazlewood and Nichols, 1967; Boethius, 1969) • Fast and slow 
fibres can be distinguished according to their metabolic 
... .: .‘• A "r • . • • • • • •‘ •. . . . . •  ‘ . . • • • . •“ 
activities (Nachmias and Padykula, 1958; Dubowitz and Pearse 
a l • , I960； Engel, 19 62; Dawson and Romanul, 1964). 
Acetylcholine sensitivity becomes confined to the end-plate 
(Berg and Hall, 1975). There is also a transition in the 
composition of myosin isoenzymes in muscle cells during the 
period from the esmbryonic to postnatal stages. The major myosin 
isoenzyme in the embryonic and foetal stages belongs to the 
1 embryonic1 myosin heavy chain type, and i t s predominance 
probably accounts for the slow contractiori speed of foetal 
muscles (Harris et al., 1989). Whalen (1985) hypothesized that 
without neural influence, muscle fibres would proceed to 
differentiate into the fast type (with - fast？ heavy chain), 
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v^ iereas induction by a slew nerve would result in the appearance 
of slow fibres with 'slow' heavy chain. At birth, muscle fibres 
in the cat are predominantly slcM-contracting. The contraction 
speed of the slow muscle decreases with time, whereas that of 
the fast muscle increases with time (Buller et a l . , 1960; 
Gallego et al., 1978). After spinal hemisection or denervation 
at the neonatal stage, which results in reduction of neurally 
evoked contractile activity, differentiation of the otherwise 
slow muscle into slow-contracting muscle fails to take place 
(Buller et a l ” 1960; Gallego et al . , 1978;工shiura et al . , 
1981). In summary, all these results shew that differentiation 
of muscle fibre into the slow type begins in the embryonic 
stages and continues into postnatal stages, and that the whole 
process requires the presence of nerve supply. 
1-3 Changes in Motoneuron Number/ Motoneuron Properties9 and 
Innervation during Development 
1.3.1 Decrease in Motoneuron Number 
Neuronal cell death is a well-known phenomenon in the 
developing nervous system (see Grinnell and Herrera, 1981). 
During a short period after the maximal proliferation of the 
motoneurons and the onset of peripheral synapse formation 
(between 13-18 days of gestation in the mouse), a high 
percentage of mouse motoneurons died (Lance-Jones, 1982) • Some 
疆 6 — 
Investigators claimed that the cell death in the rat and mouse 
continued into the second week after birth (Nurcorabe et al •, 
1981;.. Baulac and Meininger, 1983) while others observed no 
motoneuron death in the lumber cord of the neonatal rat and 
mouse (Lance-OTones, 1982 ； Janjua and Leong/ 1984; Hardman and 
Brown, 1985). Experimental manipulations, such as limb 
airputation and transplantation, and target removal show that the 
number and size of the targets determine the survival of 
motoneurons (see Oppenheim and Chu-Wang, 1983). Only 
appropriate nerve-target interaction can maintain the survival 
of motoneurons. From this result it has been suggested that the 
target may produce some trophic factors to maintain the normal 
motoneuron properties. Paralysis of the muscle delays 
motoneuron death, and it has been suggested that 七his is due to 
the increase in production of the trophic factor by the inactive 
muscle fibres (Oppenheim, 1991)• 
1.3.2 Reduction of Synaptic Connections 
A motor unit consists of a motoneuron and the muscle fibres 
i t innervates. The size of a motor unit is represented by the 
number of the muscle fibres comprising i t . The size of motor 
unit in the early embryonic stage is larger than that in the 
adult because the end-plate on the immature muscle fibre is 
innervated by axons from more than one motoneurons, i .e . each 
muscle fibre is polyneuronally innervated, whereas in adult, 
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each end-plate is innervated only by one axon. During 
development some of the synaptic contacts are eliminated because 
of the withdrawal of the axons from such contacts, so that 
eventually each muscle fibre or end-plate becomes innervated by 
only one axon (Redfern, 1970; Brown et alw 1976; Vrbova et al . , 
1978,. Kwong and Gauthier, 1987) • This process of synaptic 
elimination occurs at a much later stage than the onset of 
motoneuron death. It begins at about postnatal day 3 in the rat 
soleus (Balice--Gordon and Thortpson, 1988) • and is completed at 
postnatal 2-3 week in the rat (16 days. Brown et al. , 1976; or 
18 days, Balice-€ordon and Ihcmpson, 1988). As a result of the 
synaptic elimination, the motor unit size is reduced (Brown et 
al. , 1976; Balice-Gordon and Thompson, 1988) • After this 
process, the size of a motor unit stays at a stable level. 
...... 
：>.：. 
Figures 1.1 shows the developmental changes in the number of 
synaptic connections and motoneurons. At the same time as nerve 
teminals form contacts with inyotubes (14-15 days of gestation 
in rat) , death of motoneurons begins (Harris and McCaig, 1984; 
lance-Jones, 1982). It is possible that motoneurons that fail 
to make connection with muscle cells die during development 
(Hamburger and Oppenheim, 1982; Oppenheim, 1991) . It is 
uncertain Aether the period of synaptic elimination overlaps 
with that of the normal cell death. An overlap of these two 
periods would imply either that motoneurons which cannot 
maintain a sufficiently large territory will die (Oppenheim, 
1991), or that symptic elimination is a direct consequence of 
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motoneuron death (Bennett and Pettigrew, 1974). Jansen and 
Fladby (1990) argued that since recent evidence showed that 
death.pf the rat lumbar motoneurons ended before birth, i t could 
not be the cause for synaptic elimination. 
1.3.3 Changes in Motoneuron Properties during Development 
Most motoneurons in the prenatal rat spinal cord are 
excitable at day 14 of gestation (Ziskind-Conhaim, 1988) . One 
of the changes in electrophysiological properties of the 
motoneuron is the decrease in duration of afterhyperpolarization 
(AHP) (Fulton and Walton, 1986; Ziskind-Conhaim, 1988) . The 
duration of AHP determines the pattern of motoneuron discharge 
• . - • . • , ' • ' . . . . . . . ‘ ‘ ... 碰 
• • . . 
which in . turn determines the contractile properties of the 
. . . . : ' . . . . 
muscle (Eccles et al” 1962; Salmons and Vrbova;/ 1969; Buller 
and Pope, 1977). During postnatal development, rat motoneurons 
differentiate into two types: those with a short AHP and those 
with a long AHP (Gallego et a l” 1978) • It i s known that 
motoneurons innervating fast-contracting motor units discharge 
at high frequencies, and motoneurons innervating 
slow-contracting units discharge at low frequencies (Burke, 
1967, 1968). Short AHP permits discharge of motoneurons at a 
relatively high frequency and thus is related to the 
fast-contracting speed of a muscle. Long AHP in rat soleus 
muscles, on the other hand, permits only slow discharge of the 
motoneurons and is related to the slow-contracting speed of the 
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muscle (Huizar et al., 1977; Gallego et al., 1978). Motoneurons 
thus determine the contractile characteristics by their specific 
duration of AHP. 
1-4 Neural Influence on Muscle Properties in Adult Hsmimals 
1.4.1 Effect of Denervation on Muscle Properties 
Motoneurons exert pronounced influences not only on the 
developing muscle, but also on mature muscle fibres. Electric 
activity of motoneurons causes contractile activity of muscle 
fibres. Denervation abolishes this neural activity at the 
neuromuscular junctions and hence the contractile activity as 
well. vOlie inactive muscle undergoes atrophy and pathological 
changes such as displacement of muscle nuclei, fibrosis 
I , • . 
surrounding the shrinking muscle f ibres, a' net decrease in 
volume of the sarcoplasmic reticulum and atrophy of myofibrils 
(Tower, 1939; Gutmann et al. , 1972; Pellegrino and Franzini, 
1963; Engel and Stonnington, 1974；Jakubiec-Puka and 
Laskowska-Bozek, 1974; Tipnis and Malhotra, 1977). Metabolic 
changes are manifested by a reduction in content of glycogen, 
lactate and, inorganic phosphate (Gatmann et al. , 1954; Kauffman 
and Albuquerque, 1970), an increase in catabolic enzymes 
(lysosomal enzymes) and an increase in endocytotic activities 
(Brown and Lunn, 1988) . In general, long-term denervation 
results in a reduction of enzyme activities for glycolytic and 
oxidative (aerobic) metabolism, in both fast and slow muscles 
- 1 0 -
(for l i s t of references see Sunderland, 1978)• Slowing of 
conduction rate of the action potential (Albuquerque and 
Mclsaac, 1970; Redfern and Thesleff, 1971), decrease in the 
resting membrane potential (Albuquerque et al. , 1971; Ward and 
Wareham, 1986), and the appearance of TTX-resistant action 
potential (Harris and Thesleff, 1971; Redfern and Thesleff, 
1971) are some of the changes in the electrical properties of 
muscle fibres after denervation. The presence of acetylcholine 
receptors outside the end-plate region leads to an increase in 
chemosensitivity , i . e . response of muscle fibre to 
acetylcholine. On the contrary； there i s a decrease in 
acetylcholine sensitivity at the end-plate region (Albuquerque 
et al” 1969/ 1970, 1971). Denervation also results in changes 
in contraction speeds of fast and slow muscles. In the cat, the 
contraction speeds of both slow and fast muscles become slower 
(XBwis, 1972; Kean et al. , 1974). In the rat, denervated fast 
muscles contract more slowly than normal (Gutmann et al. / 1972; 
Westgaard and lomo, 1988) • Lewis (1972) shewed that slowing of 
contraction time in the denervated muscle mi^ ht be causally 
related to a slowing of propagation and longer duration of the 
action potential. The effect of denervation on the slow soleus 
muscle of the rat is less certain. According to different 
reports, the soleus muscle might either become sl ightly 
faster-contracting (Westgaard and Lomo, 1988) or more 
slower-contracting (Ranatunga, 1977; Midrio et a l . , 1988). 
Denervated muscle fibres and/or the degenerating stump of 
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the distal sectioned nerve are postulated to produce certain 
substances vjhidh can promote re-establishment of nerve-muscle 
contacts. These so-called 'trophic substances1 enhance either 
the growth or sprouting of the regenerating axons from the 
proximal stump or the sprouting of the intact motor nerve 
(Fernandez and Donoso, 1988). On the arrival of the axonal 
sprouts at the original end-plates, the process of stabilization 
.(.:.,:..• , . ....... . .. ..:., ? . . , . . .::； 
begins (Fawcett and Keynes, 1990) . The outgrowth of fine 
sprouts and the establishment of the nerve-muscle contact 
resemble events that take place during neuromuscular 
development. Reinnervation of the muscle is considered complete 
only after the growing sprouts has become mature, neuromuscular 
transmission returns to normal, and the muscle regains i t s 
normal tension« However if denervation persists for a long 
period, the muscle fibres will eventually atrophy and 
degenerate, and be replaced by connective tissue. 
1.4.2 Plasticity of Muscle Properties 
The above review shows that nerve supply is essential for 
the differentiation, maturation, and maintenance of muscles. 
Even after differentiation/ the nerve is capable of modulating 
muscle properties« The plasticity of muscle properties, which 
enables the muscle to adapt to changes in functional demand 
imposed on i t by the nervous system, is well established by 
cross-innervation (Buller et al., 1960) and chronic stimulation 
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experiments (see Vrbova, 1979) • After cutting the nerve to a 
muscle and then resuturing the cut ends together, the nerve 
reinnervates the muscle, which then regains i t s normal 
properties. However, replacing the nerve of a fast twitch 
muscle by another nerve which normally supplies a slow twitch 
muscle (cross-innervation) results in a slowing of the 
contraction speed of the muscle. Reinnervation of a slow twitch 
muscle by a fast nerve results in speeding up of the 
contraction. The changes in contraction speeds after 
cross-innervation were found to take place in different mammals 
such as the rat and cat (Close, 1969; Luff/ 1975) . It is now 
generally accepted that the changes caused by cross-innervation 
are due to the discharge pattern of the new nerve supply (Pette 
et al” 1973; Vrbova, 1989), Concomitant with the changes in 
the contractile dharacteristics of the muscle, cross-innervation 
leads to corresponding changes in contractile proteins and 
metabolism of the muscles, which are reflected by a marked 
re-arrangement of the enzyme activity patterns and other 
histochemical parameters (Close, 1969； Luff, 1975)• 
Researchers who were interested in the influence of nerve 
activities on muscle properties, performed chronic electric 
stimulation on the muscles (Salmons and Vrbova, 1969; Gorza et 
al . , 1988; Gundersen et al. , 1988). The result showed that 
appropriate stimulation of a denervated muscle alone could 
restore and maintain normal contractile properties, sensitivity 
to ACh, and resting membrane potential of the muscle (Eken and 
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Gundersen, 1988; Westgaard and Lomo, 1988; Lomo, 1989)• 
Moreover, i t has been suggested that both the frequency and the 
total amount of stimulation influence contractile properties, 
but to varying degrees depending on the type of the muscle, and 
the species under study (see Lomo, 1989). In general, high 
frequency stimulation increases the contraction speed (Hennig 
and Iono/ 1987; Westgaard and Lomo, 1988) while greater amount 
of stirnulatiori decreases the contraction speed (Westgaard and 
Lomo, 1988). Specifically, for the chronic stimulation of 
denervated rat fast and slow muscles, a large amount of pulses 
delivered at low frequency maintains the slow contraction. All 
other patterns of stimulation (low frequency and low amount 
etc.) result in fast-contracting muscles (Westgaard and Lomo, 
1988厂 Eken and Gundersen, 1988)• Furthermore, this 
low-frequency, high-amount stimilation is effective to transform 
only certain types of muscles in certain species (denervated 
soleus rauscle of all species examined and extensor digitorum 
longus muscle of the cat and rabbit). Nevertheless, the results 
indicate that muscle properties are changeable by altering the 
muscle activity. It raay be that in the natural condition, the 
activity pattern of the different types of motoneurons is so 
specific that, in order to achieve a complete (or near-complete) 
conversion of the muscle type by electric stimulation, a close 
imitation to the natural pattern is necessary. This, despite 
recent attenpts (Eken and Gundersen, 1988; Westgaard and Lomo, 
1988), may not yet been achieved. 
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The above experiments demonstrate the strong influence of 
motoneurons on muscles. One of the possible ways in which a 
motoneuron can influence the characteristics of muscle fibres is 
by imparting on them a particular pattern of contractile 
activity (Pette et al., 1973; Vrbova/ 1989) . Another possible 
medhanism by the nerve affects muscle properties is the 
secretion of some trophic substances from the nerve terminals 
other than acetylcholine. Many workers have put forward 
experimental evidence to substantiate the existence of such 
substances, but so far no one substance has gain popular 
acceptance as a 'trophic1 factor (see Guth, 1968; Fernandez and 
Donoso, 1988). It is widely accepted, even among proponents of 
the ？trophic theory' / that activity is important to the control 
of muscle properties (Fernandez and Donoso, 1988). Whether 
there are trophic substances to play a part in this control is a 
subject of debate. A canpromise view is that the maintenance of 
normal muscle properties at the neuromuscular junction requires 
neural activity as well as the participation of neurogenic 
trophic substances, whereas the maintenance of normal muscle 
properties outside the junction involves solely neural activity 
(Fernandez and Donoso, 1988). 
1.5 Partial Denervation 
Partial denervation of skeletal muscles, or the permanent 
removal of part of the nerve supply to the muscles, occurs under 
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two conditions: injury of the peripheral nerve, in which some 
axons fail to grow back to the target muscle; and loss of 
anterior horn cells (motoneurons) in the brain and spinal cord 
due to degenerative processes. Experimentally induced partial 
denervation of a muscle was originally used to investigate how 
well a muscle could recover after different degree of nerve 
injury (Weiss and Edds, 1946) . It i s now often used to 
investigate mechanisms underlying synaptic elimination during 
development, since it is believed that this process may be due 
to cxjnpetition among axon terminals and removal of some of these 
terminals (partial denervation) may reduce the competition 
(Brown et a l . , 1976). 
A f t e r partial denervation, the severed or crushed axons 
degenerate, while the remaining intact axons send out fine nerve 
outgrowth from the node of Ranvier. This type of nerve 
outgrowth is called collateral or nodal sprout (Edds, 1950厂 
Hoffton, 1950). Another kind of outgrowth is the terminal or 
ultraterminal sprouts yiich arise from intact nerve terminals. 
Both the collateral and teminal sprouts, readily visualized by 
silver-impregnation methods, were found to innervate the 
denervated muscle fibres and bring about recovery of the muscle 
(Weiss ard Edds, 1946; Van Harreveld, 1952) •丈he factors that 
trigger the sprouting of motoneurons are unknown • In the early 
studies (e.g. Weiss and Edds, 1946) it; was suggested that 
certain 1 humoral factors1 were released from the degenerating 
nerve fibres, and i t might be this substance that caused 
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sprouting of the remaining intact axons. Later, i t was 
suggested that the loss of contractile activity of denervated 
rauscle‘„ fibres generated a signal for sprouting, since paralysis 
of the nerve by tetrodotoxin caused sprouting whereas direct 
electric stimulation of the muscle prevented i t (Brown and 
Ironton, 1977; Brown and Holland; 1979) • More recent results 
also showed that certain substance released from the 
degenerating nerve fibres or from the inactive muscle fibres 
ini^it stiinulate nerve (or neurite) grow (Pol i t is et al. ； 1982; 
Caroni and Grandes, 1990) • An alternative to this hypothesis is 
that a sprouting substance (or •sproutin1 according to Van 
Essen, 1990) is involved, Brown and Lunn (1988) proposed that 
there might exist certain mechanism that stabilized axon 
terminals and inhibited their growth; removal of such 
inhibition, as after partial denervation, would permit their 
sprouting. Similarly, Robbins (1988) proposed that there was an 
奮adhesiveness, at the neuromuscular junction, and. that loss of 
such • adhesiveness V or an increase in the . adhesiveness r of the 
area beyond the junc七ion, would result in sprouting. 
Sprouting is a rapid and efficient process for restoring 
innervation. The formation of collateral sprout in the rabbit 
sartorius, observed in silver impregnated muscle, started as 
early as 4-5 days after partial denervation (Van Harreveld, 
1945)• In the mouse, collateiral sprouting was irepoirted. to begin 
at postnatal day 10 (Jacob and Robbins, 1990a; cf Jacob and 
Robbins, 1990b). Both studies enployed removal of spinal root 
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for partial denervation. Brown and Ironton (1977) produced 
collateral sprouting by paralysing the nerve with tetrodotoxin, 
and detected sprouting 3 days later. Thus the earl iest 
morphological sign of collateral sprouting appears in the range 
of 3-10 days after partial denervation. 
As for the functional recovery, results from previous 
studies indicate that the recovery follows closely the 
collateral reinnervation. In the early study of Van Harreveld 
(1945), functional recovery of the rabbit quadriceps and 
sartorius muscles appeared at postoperation day 14-15. 
According to the results of Brown and Ironton (1978), tension of 
the mouse peroneus tertius imiscle began to develop 7 days after 
partial denervation. Functional recovery was reported to be 
complete in the rat soleus muscle 10-14 days after partial 
denervation, regardless of the surgical method used (removal of 
a spinal nerve or a muscular branch) (Gorio et al . / 1983、 
Tharrpson and Jansen, 1977) . However, although the recovered 
muscle can develop normal tension, i t is unable to sustain such 
tension during prolonged stimulation (Brown et a l . , 1976; 
Thaoopson and Jansen, 1977) • The increased fatiguability of the 
denervated muscle is probably due to defects in transmitter 
release (Brown et al., 1976; Ihonpson and Jansen, 1977; Lowrie 
et al” 1985), and it was reported that recovery in transmitter 
release did not begin until 30 days after spinal nerve 
transection (Jacob and Robbins, 1990a)• 
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An inevitable consequence of partial denervation is that 
motor units become substantially larger than normal, because the 
motoneurons have sprouted to innervate more muscle fibres. 
According to most of the studies, the motor units of a partially 
denervated muscle expand by 2-5 times of their normal size (Van 
Harreveld, 1945; Weiss and Edds, 1946; Brown et al. , 1976; 
Thartpson and Jansen, 1977; Gorio et al., 1983? Lowrie et al . , 
1985; Fladby and Jansen, 1987; Fisher et al. / 1989; Jacob and 
Robbins, 1990b). It must be noted that this magnitude of 
expansion was obtained by comparing the tensions of the 
ej^ jerimental and normal muscles (or motor units), rather than by 
direct histological observation. Thus the actual maximal 
capability of motoneurons to sprout i s unknown. 
The efficiency of the synapses formed by these enlarged 
motoir units i s reduced, as evident from the decrease in 
transmitter release (Lowrie et al.； 1985; Jacob and Robbins, 
1990a) • This change is reflected in the susceptibility of 
neurcamiscular transmission to blockage by curare (Brown et al . , 
1976? Thompson and Jansen, 1977; Brown and Ironton, 1978) • 
Moreover, sprouted motoneurons are incapable of maintaining the 
contractile properties (tension and contraction speed) of the 
reinnervated muscle fibres v^ ien costrpared to the normal (Hatcher 
et al. / 1985). It has been shown above that the activity of the 
nerve has a strong influence on muscle property and muscle 
development. With a reduced efficiency, one would therefore ask 
hew well the sprouted axons can support a partially denervated 
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muscle, and haw reliable they are in bringing about the normal 
development of a muscle. One would also imagine that an 
increase in the amount of target tissue to support (or an 
expansion in innervation territory), would mean an overloading 
of the motoneurons, and it may be asked 他ether the motoneurons 
under this condition could maintain themselves indefinitely 
(Wernig and Dorlochter, 1989) • If the motoneurons were sick 
because of excessive overloading, would the muscles become sick 
too? Would these motoneurons eventually disappear? 
Unfortunately, there has been no systematic study to investigate 
these problems, and information on these, apart from the data on 
contraction speed and axon diameter of partially denervated 
muscles (luff et al . , 1988; Fisher et al.^ 1989; Connold and 
Vrixjva, 1990), is scanty. For the reasons that I have mentioned 
in General Introduction, answers to these questions are relevant 
not only to clinical studies, but also to the study of neuronal 
interaction in the other parts of the central nervous system. 
Hence this project was carried out. 
A preliminary report has been presented (Yuen and Kwong, 
1990). 
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Figure 1.1 Chronological changes of synaptic connections and 
motoneuron numbers during neuromuscular development. Question mark 
(?) indicates uncertainty whether motoneuron cell death continues 
after birth. 
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CHAPTER 2 MATERIALS AND METHODS 
2•1 General Plan 
Totally four groups of inbred Lewis rats were used in this 
study. They will be referred to as normal unoperated group, 
young denervated group, adult denervated group, and HRP group. 
The soleus muscle (SOL) and the extensor digitorum longus muscle 
(EDL) of the leg were studied. 
Figure 2.1 is a schematic plan illustrating the division of 
the rats into four groups, the total number in each group, and 
the parameters examined. 
The Bormal unoperated group was used to establish the 
contributions of the spinal nerves to the tensions of the 
muscles under norma1 conditions. 
The other three groups were used for partial denervation 
experiments. In these animals, the right SOL and EDL were 
partially denervated by removing one of the spinal nerves that 
contribute to their nerve supply, namely L4. Partial 
denervation was performed under sterile condition and chloral 
hydrate anaesthesia, at the age of postnatal day 10-12, the 
birth date of the animal being taken as day o. Final 
experiments were performed 3-20 days after operation on the 
young denervated group or 10 weeks after the operation on the 
adult denervated and HRP groups. 
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In the young denervated and adult denervated groups, 
contractile properties, metabolic enzyme act ivi t ies , 
morphalogical properties, population of fibre types and 
innervation of muscles were examined. In addition membrane 
properties of the muscles were also examined in the adult 
denervated group. 
The HRP group was used to investigate the distribution and 
the number of L5 motoneurons in the spinal cord of the partially 
denervated and normal inascles, using the retrograde horseradish 
peroxidase (HRP) labelling method. 
2,2 Normal Unoperated Group 
2.2.1 Innervation of the SOL and EDL 
In the rat/ the lumbar spinal nerves ('root1) L4 and L5 
merge to form the sciatic nerve. The sciatic nerve gives rise 
to the tibial and deep peroneal nerves, vMch supply the SOL and 
EDL respectively. Therefore the SOL and EDL receive their nerve 
supply from L4 and L5. A schematic diagram illustrating the 
innervation of the SOL and EDL is shown in Figure 2.2. In this 
study tension recording experiments were performed to determine 
how much tension was developed by stimulation of L4 and L5 
separately. 
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2.2.2 Tension Recordings 
Maximal isometric tetanic tensions of the SOL and EDL of 
twelve normal adult rats weighing between 300 and 500 g were 
recorded. The animals were anaesthetized with chloral hydrate 
(0.5 ml of 7% solution per 100 g body weight) • An incision was 
made on the lateral aspect of the leg, and the SOL and EDL were 
freed fram the surrounding tissues. Caution was taken to avoid 
interrupting the nerve and blood supply of the muscles. The 
distal tendons of the SOL and EDL were tied separately with 3/0 
suture silk and then cut distally to the ligature. The proximal 
tendons were l e f t attached to the body. 
04>e abdomen of the rat was then opened. The psoas muscle 
was located and displaced laterally to e^)ose the lumbar nerves 
L3 to Ij6 (Figure 2.3A) . L4 and L5 were identified by their 
union to form the sciatic nerve (Fig 2.2A and 2.3A)V In the 
adult animal, the union of the two nerves was about 1-2 cm below 
the renal vessels which run transversely from the abdominal 
aorta to the kidney. L4 and L5 were then traced back to the 
vertebral column. They were tied separately with a 4/0 silk 
thread as close to the vsirtebrae as possible and cut proximally 
to the ligature. 
Using a dental drill, a drill bit of 4 cm long was placed 
through the distal part of the femur. The distal tibiofibular 
joint was held with a pair of blunt forceps/ The drill bit and 
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the pair of forceps were gripped tightly arid fixed securely with 
clairps on rigid stands. The positions of the stands were then 
adjusted to maintain the knee joint in a fully extended 
position. In this way, the femur/ tibia and fibula were 
completely immobilized. The distal tendon of SOL or EDL was 
connected to a transducer (Myograph F-2000, Narco Bio-System) 
via the 3/0 silk thread tied to i t . The length of the muscle 
was adjusted to obtain the maximal isometric twitch tension. 
Since the attachments of the muscle were immobilized, 
contraction of the mooscle would be isometric. Measurement of 
the tensions was performed at room temperature (23—25�C). 
Isometric tensions of the whole muscle elicited via L4 or L5 
were determined by stimulating the nerve with a pair of silver 
or platinum electrodes, using monophasic square-wave pulses. 
The pulse width (duration) was 0.2 msec. The voltage was 
increased to produce maximal contraction. For measuring the 
maximal tetanic tension of the muscle, the nerve was stimulated 
by pulses at 100 Hz, for 1.5-2.5 sees for EDL and 4-5.5 sees for 
SOL. The stimulating pulses were delivered by a Grass SD9 
stimulator (Grass Instrument/ USA) • Signals from the transducer 
were magnified by an interfacing amplifier, displayed on a T912 
10MHz storage oscilloscope, and converted to digital signals 
and recorded by a mcrocotputer. The stimulator, oscilloscope 
and coirputer were triggered by a digital timer, such that the 
contraction signals would arrive at the oscilloscope at the 
appropriate time for display, and at the computer for data 
sampling. 
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In 5 rats, L3 and L6 were stimulated and the same procedures 
as described above were carried out to record the muscle tension 
el icited. 
2.2.3 Contributions of L4 and L5 to Normal Tension of the SOL 
and EDL 
All tensions were calculated with a computer program. The 
relative contribution to the development of tension by L4 and L5 
was calculated as follows: 
Percent of Whole Muscle Tension Contributed by L4 
Tension Elicited by L4 
= x 100% , 
Tension Elicited by L4 + Tension Elicited by L5 
Percent of Whole Muscle Tension Contributed by L5 
Tension Elicited by L5 
= x 100% , 
Tension Elicited by L4 + Tension Elicited by L5 
where lTension?s are maximal tetanic tensions. 
一 2 6 一 
2.3 Young Denervated and Adult Denervated Groups 
2.3.1 Unilateral Partial Denervation 
All surgical procedures were performed under s ter i l e 
condition and dhloral hydrate anaesthesia (1 ml of 3.5% solution 
per 100 g body weight). A total of 60 neonatal rats age 10-12 
days were operated, L4 and L5 were exposed (Fig. 2.3A) and were 
identified by their union, as in the normal unoperated group. 
The location of the union in the neonatal animals was slightly 
different from that in the adult animals. The union was just 
below the renal vessels in the neonatal animal. Only the right 
L4 was cut near the union (Fig. 2.2B and 2. 3B) • The right SOL 
and EDL were thus partially denervated. Special care was taken 
to 各void damaging the right L5. In order to prevent the 
reinnervation of the right L4 to the muscles (SOL and EDL) f the 
transected L4 was ligated and transposed to the nearby psoas 
muscle via a 4/0 suture silk (Figure 2 .3B) . It was buried in 
the psoas muscle and secured in place by ligation to a bundle of 
the psoas muscle fibres. Thus, the partially denervated SOL and 
EDL were innervated only by L5 after operation. The abdominal 
muscles and skin were then sutured. Four to five hours after 
the operation, vjhen the animals had recovered from anaesthesia/ 
they were returned to their mother. The SOL and EDL of the 
contralateral ( left) side were l e f t unoperated. 
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2.3.2 Tension Recordings 
Riscle contractions of the young denervated group (31 rats) 
were recorded 3-20 days after partial denervation. Those of the 
adult denervated groip (29 rats) were recorded at postoperation 
week 10. The rats were anaesthetized with chloral hydrate (1 ml 
of 3.5% solution per 100 g body weight for young denervated 
<^ oup; 0.5 ml of 7% solution per 100 g body weight for the adult 
denervated group) • The recordings were performed in the same 
manner as described in section 2.2.2. L4 and L5 of the operated 
side were stimulated and contractions of the partially 
denervated muscles thus elicited were recorded. L5 and sciatic 
nerve of the contralateral side were stimulated to e l i c i t 
contractions of the contralateral unoperated muscles. 
2.3.3 Measurement of Contraction and Relaxation Speeds 
Contmction and relaxation speeds were obtained from single 
maximal twitch contractions. The contraction speed was the time 
taken to reach the peak tension (time-to-peak/ TTP) from the 
start of the twitch contraction. The relaxation speed was 
represented by the ha If -relaxation time (HRT) , which was the 
time taken for the maximal twitch tension to decrease to half of 
its value. Measurement of the TTP and HRT from the twitch 
contraction was shown in Fig. 2.4. 
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2.3.4 Recovery in Tension of Partially Denervated 
Muscles 
In this study the maximal tetanic tensions developed by the 
operated L5 represented the recovery in tension since the 
partially denervated muscles were innervated only by the L5 
after operation. The recovery in tension was expressed as a 
percentage of the tension of the contralateral unoperated 
muscle, as follows: 
Percent Recovery in Tension of Partially Denervated ltecle 
Tension of Partially Denervated Muscle 
Elicited by L5 
•=. —^ — — — yr 100% 
Tension of Contralateral Unoperated Muscle 
Elicited by Sciatic Nerve 
where 'Tension's are maximal tetanic tensions. 
2.3.5 Motor Unit Number and Size 
The number of motor units in operated EDL was determined by 
gradually increasing the stimulus intensity to the nerve from 0 
to 10 volts, and recording the step-wise increments in twitch 
contractions. The step-wise increments are due to successive 
recruitments of motor units of different thresholds. By 
counting the number of the increments that appeared on a storage 
oscilloscope (Tektronix T912), the number of motor units in the 
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operated EDL was estimated. The number of motor units in the 
operated SOL was too numerous to be discriminated from the 
step-wise increments in the twitch contractions. For the 
operated SOL muscle, therefore, the number of motor units was 
assessed by the following formula: 
Motor Unit Number (MLJN) of Partially Denervated SOL 
Tension of Contralateral Unoperated SOL 
Elicited by L5 
=“ — — x MUN in Normal SOL, 
Tension of Contralateral Unoperated SOL 
Elicited by Sciatic Nerve 
where 'Tension's are maximal tetanic tensions and MUN in the 
normal SOL are about 30 (Close, 1967; Fisher et al . , 1989). 
A motor unit is composed of a motoneuron and the muscle 
fibres it innervates. The motor unit size in this study was 
expressed as the iraan motor unit tension vihich was calculated as 
follows: 
Maximal Tetanic Tension of Whole Muscle 
Average Motor Unit Size — 
Number of Motor Units in the Muscle 
After partial denervation, the intact motoneurons form sprouts 
to innervate the denervated muscle fibres. Therefore the motor 
unit size will be increased, and if the muscle fibres have the 
same contractile strength as normal, the enlarged motor unit 
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will generate more muscle tension. Expansion of motor units in the 
partially denervated muscles was calculated as follows: 
Motor Unit Size of Operated Muscle 
Expansion of Motor Units = — — 
Motor Unit Size of Contralateral Muscle 
2.3.6 Resting Membrane Potential 
Seven rats of the adult denervated group were used to study 
resting membrane potential of the muscle fibres, after the 
tension recording,, The SOL and EDL were removed from the leg by 
cutting their proximal tendons. Special care was taken to avoid 
stretching the muscles. Muscles were then pinned to the base of 
a bat±i perfused with HEPES solution, which contained 118:1 mM 
NaCl, 4.6 mM KC1, 0.8 mM MgS04, 11.1 mM glucose, 2 0 mM 
NaHepes/ and 2,5 mM CaCl2. The pH of the solution was 
adjusted to 7.4 and the solution was oxygenated with 100% o2. 
Miscle fibres were impaled with a glass micropipette, which was 
filled with 3 M K C 1 solution and its resistance was 5-20 Mohm. 
•Ihe electrode was connected to a itiicroelectrode amplifier (A-M 
systems, Model 1600, USA) and signals were displayed on a 
Tektronix 2221 oscilloscope. Recordings were made from 
extrajunctional areas (i.e. areas outside the neuromuscular 
junction). Six fibres were examined in each muscle. Values 
below 50 mV were excluded from this study because they might be 
generated by the fascia overlying the muscle or some injured 
fibres of the muscle. Other criteria for accepting the 
displayed membrane potential were that 七he membrane potential 
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appeared rapidly on penetration of the micropipette and remained 
stable. 
2.3.7 Histometric Analysis and Histochemical Study 
After tension recordings, the contralateral unoperated and 
partially denervated SOL and EDL were processed for 
histochemical and immunocytochemical studies, histometric 
analysis, and histological study on the innervation of muscle. 
For the first three studies, the muscles were dissected out, 
mounted side by side on a piece of cork, embedded in the OCT 
corrpound and frozen in liquid nitrogen. Frozen sections of 10 
um thick were cut from the middle part of the muscle belly with 
a cryostat (Bright, UK) and were mounted onto glass slides. 
After air-drying/ the sections were either stained with 
haema七oxylin and eosin (H & E) , or reacted with the 
histochemical methods for the demonstration of succinic 
dehyc3rogenase (SDH) and alpha-glycerophosphate dehydrogenase 
(alpha-GPD), or reacted with immunocytochemical methods for 
demonstration of different types of myosin (isoenzyme) in the 
muscle fibre. 
The H & E Mayer's stained sections were used to examine the 
cross-sectional area of the v^ iole muscle and to count the number 
of muscle fibres in each muscle. The outline of the section was 
traced using a camera lucida (Nikon Labophot and Lucida, 
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Japan) • Area of the drawing was then measured by an ultrasonic 
digitizer connected to a microcomputer. In order to estimate 
the nuiriber of iroscle fibers in each muscle, photographs of H & E 
stained sections were taken under a Nikon Optiphot microscope at 
500x magnification. The number of fibres of the whole muscle 
section in the photographs was counted. 
Histochemical reactions are commonly used to distinguish 
mammalian muscle fibres into different types, namely 
slow-oxidative (SO), fast-oxidative-glycolytic (FOG) and 
fast-glycolytic (PG) types. As their names suggest, these fibre 
types have different contraction speeds and metabolic 
properties. In this study, histochemical reactions were used to 
demonstrate the activities of the metabolic enzymes, SDH and 
alpha-GPD. The SEH reaction indicates the oxidative (aerobic) 
metabolic activity in the e )^erimental muscles and the alpha-GPD 
reaction indicates the glycolytic metabolic activity of the 
muscles. In the rat muscle stained with the SDH reaction, SO 
fibres were stained moderately dark, FOG fibres were darkly 
stained, and PG fibres were poorly stained. On the contrary, in 
the alpha-GPD reaction/ SO fibres were poorly stained, FOG 
fibres were moderately stained and FG fibres were darkly 
stained. 
For the SDH histochemical reaction (Nachlas et al, , 1957), 
the cryostat sections were incubated in a solution containing 
0.1% nitro-blue tetrazolium, 0.1 M sodium succinate and 0.1 M 
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phosphate buffer (pH 7.4) at 37�C for 25-40 minutes. The 
sections were then dehydrated in graded acetone series (30% to 
90%) and absolute alcohol. For the alpha-GPD histochemical 
reaction, cryostat sections were incubated in a solution 
containing 0.6% alpha—glycerophosphate, 0.1% nitro-blue 
tetrazolium, 0.5% menadione and 0.05 M Tris buffer (pH 7.4) at 
37°C for 20-40 minutes (Dubowitz and Brooke, 1973) . The 
sections were then dehydrated in graded acetone series (30% to 
90%) and absolute alcohol. Photographs of the reacted sections 
were taken under a Nikon Optiphot microscope at 50-100x 
magnification, 
2.3.8 Iinmunocytodhemical Study on Different Types of Myosin 
Monoclonal antibodies against the heavy chains of mouse fast 
and slow myosins from Amersham (UK) were used. For the 
monoclonal anti-fast inyosin reaction, the cryostat sections were 
fixed in 100% acetone for 10 minutes. After air—drying, the 
sections were reacted with 10% normal goat serum for 20 minutes 
to block the non-specific binding. The excess serum was then 
drained off and the sections were incubated with fast myosin 
monoclonal antibody (code RPN.1167) diluted 1:10 in TBS which 
contained 0.05% bovine serum albumin and 0.05% sodium azide, for 
3 hours at room temperature. After rinsing with TBS, the 
sections were reacted with biotinylated anti-raouse Ig (Amersham, 
code RPN.1001) diluted 1:50 in TBS for 1 hour. The sections 
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were then rinsed with TBS and incubated with 
Fluroescein-streptavidin (Amersham, code RPN. 1232) diluted 1:50 
in TBS for 1 hour at room temperature. After rinsing with TBS, 
the sections were mounted with a medium containing 6 parts of 
glycerol and 1 part of phenylenediamine solution (400 ug 
phenylenediamine in 1 ml of 0.1 M sodium carbonate): 
Carrposition of TBS (pH 9.6) used in all steps were 137 碰 NaCl 
and 5 mM Tris-HCl. 
Procedures for the anti-slow myosin monoclonal antibody 
(code RPN.1168) reaction were similar to the procedures for 
anti-fast myosin inonoclonal antibody reaction except that the 
incubation time for the slow inyosin monoclonal antibodies was 1 
hour and the buffer solution for dilution and rinsing was PBS 
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(0.15 M NaCl and 0.05 M phosphate buffer) at pH 7.6 instead of 
TBS. All the fluorescent sections were promptly examined and 
photographed with a Zeiss Axioskop fluorescent microscope 
(Germany) at 25-50x magnification. 
2.3.9 Histological Study on Innervation of Muscle Fibres 
The SOL and EDL from 17 rats of the young denervated group 
and 12 rats of the adult denervated group w^ re used in this part 
of the study. Cholinesterase-silver (ChE-silver) method was 
used to examine the innervation of muscle fibres- End-plates 
were stained by the cholinesterase reaction. Axons were 
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impregnated with silver and stained brown or black. 
After tension recordings, the muscles were dissected out, 
tied on a glass slide in a slightly stretched state; and fixed 
in a solution containing 4% formaldehyde, veronal-acetate/HCl 
buffer (pH 7.2-7.4)# 1% CaCl2/ 0.5% MgCl2.6H20 and 0.1% 
CdCl2.2�H20 (O'Brien et al. , 1978) for six hours at 4°C. 
They were then kept in 10% sucrose at 4�C for 1 hour or 
overnight. The muscle was placed on a sledge microtome 
(Cambridge, UK) frozen with compressed C02, and sectioned at 
50 um thickness- All sections were collected in cold distilled 
water. The free floating sections were then transferred to the 
incubation medium and incubated on ice for 20-30 minutes. The 
incubation medium consisted of 0.05% acetylthiocholine iodide, 
0.065 M sodium hydrogen maleate buffer (pH 6), 0.005 M 
tris-sodium citrate, 0.003 M copper sulphate/ 0:0005 M potassium 
ferricyanide and 15% sucrose. The remaining steps followed 
those of O'Brien et al. (1978). 
The total nurriber of innervated end-plates in each muscle was 
counted under the microscope (Nikon Labophot) at a magnification 
of 200x. In addition, 100 end-plates of each muscle were 
selected at random for measurement of the end-plate diameters. 
This was done by focusing up and down the end-plate, and with 
the aid of a camera lucida； drawing a line to represent the 
longest part of the end-plate. This line, representing the 
diameter of the end-plate, was measured with a digitizer. 
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2.4 .Retrogracle HRP Labelling for HRP Group 
Partial denervation of the HRP group animals was performed 
at the age of 10-12 days after birth, in the same manner as 
described in section 2.3.1. Ten weeks after partial 
denervation, the annnals were anaesthetized with chloral hydrate 
(0.5 ml of 7% solution per 100 g body weight) and a second 
operation was performed under sterile condition. The abdomen of 
the 11 partially denervated rats was opened, and L4 and L5 were 
exposed. The left and right L5 were cut near the union of L4 
and L5. The proximal sturrp was placed into a parafilm capsule. 
The capsule was made by folding a piece of parafilm (American 
National Can) and sealing the borders by pressing with a pair of 
forceps. The size of the capsule was about 0.4 cm (diameter) x 
0.8 cm (length). Each capsule contained 1.5-2 .0 mg horseradish 
peroxidase (HRP) (Sigma) which was mixed with a few drops of 
distilled water and soaked in a piece of gel form. In order to 
prevent diffusion of the HRP to other tissues, the opening of 
the capsule was sealed by pressing with a pair of forceps, and 
the blood of the surroundings was cleaned by cotton. The 
muscles and skin of the abdomen were then sutured. In order to 
prevent the displacement of the capsule due to body movement, 
the animals were left undisturbed during t^ ie anaesthesia period 
for more than 3 hours. After full recovery from anaesthesia, 
the animals were returned to separate cages. 
一 3 7 一 
Two days after the HRP labelling, the animals were 
re-anaesthetized with chloral hydrate and sacrificed by 
perfusion through the left ventricle, first with 0.9% saline to 
flush out the blood from the circulatory system, and then with a 
1%-paraformaldehyde and 1.25%-glutaraldehyde mixture in 0.1 M 
phosphate buffer (pH 7.4) . The abdomen of the animal was 
re-opened and the position of the capsule containing HRP was 
examined. This was to ensure that the nerve remained in the 
capsule and no leakage of HRP had occurred. Laminectomy was 
performed to expose the spinal cord and the lumbar portion of 
the cord was removed. The exits of L3 to L6 were each marked by 
a sharp cut with a razor blade. The cord was further fixed by 
immersion in the above aldehyde mixture for 30 minutes, soaked 
in 4% sucrose solution in 0.1 M phosphate buffer for 1 hour, and 
stored in 30% sucrose-0.1 M phosphate buffer overnight. The 
cord was then placed horizontally on a sledge microtome 
(Cambridge, U.K.) , frozen with compressed C02, and sectioned 
at 60 um "thickness• The sections were placed in o. 1 M phosphate 
buffer for 1 hour or overnight. After rinsing with 0.05 M 
Tris-HCl buffer (pH 7.4) , the free floating sections were 
reacted with 0.05 M CoCl2 in 0.05 M Tris-HCl buffer (pH 7.4) 
for 10 minutes. Ihey were then incubated in a medium containing 
0.05% diaminotenzidine in 0.1 M phosphate buffer, 0.025% nickel 
ammonium sulphate and 0.01% H202. The reaction was 
monitored microscopically and stopped by washing the sections 
with 0.1 M pho印hate buffer (pH 7.4) . They were mounted onto 
gelatinised slides, air-dried and dehydrated in 100% alcohol. 
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The cell bodies of HRP-labelled motoneurons were then 
counted under a microscope (Nikon Labophot) at a magnification 
of lOOx. Only HRP positive cell body displaying dense 
perikaryon surrounding nucleus was counted in this study since 
the cell body mig^ t be cut into two portions during sectioning. 
The number of cell bodies of L5 motoneurons in 12 normal 
adult animals was also determined. 
The locations of L5 cell bodies in the operated, and L4 and 
15 in the normal rats were identified by the exits of L3 to L6 
which were marked by the sharp cuts. 
2.5 Statist ic Analysis 
，, ...•+. •: ，..：..：. . . . . . . . . . .乂 . . . 
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Data from the operated and contralateral unoperated muscles 
were compared using Student's paired t-test. Data from the 
operated and normal animals were coipared by non-paired t-test. 
Regression analysis and analysis of variance were used to 
determine significance of difference between two regressions. 
Differences with P<0.05 were taken as statistically significant. 
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Fig. 2.1 Schematic plan illus七rating the division of Lewis 
rats into four groups, the total number (n) in each 
group, and the parameters examined. 
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Fig. 2.1 
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Fig. 2.2 Schematic diagrams showing innervation of normal (A) 
and partially denervated (right side of B) soleus 
(SOL) and extensor digitorum longus (EDL) muscles. 
In B, partial denervation was performed on the right 
(R't) side only; the contralateral (Lft) side was 
left unoperated, V4, V5 and V6 are lumbar vertebrae 
4, 5 and 6 respectively. L4 and L5 are lumbar spinal 
nerves 4 and 5 respectively. PSO, psoas muscle; SN, 
sciatic nerve; TNf tibial nerve; DP, deep peroneal 
nerve• 
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Fig. 2.3 Photographs showing part of the exposed abdomen of a 
10 days old rat before (A) and after (B) partial 
denervation. Lumbar spinal nerve L4 was cut and 
transposed to the psoas (PSO) muscle in (B) by a 
tJire社 RV, renal vessels ； L5, spinal nerve of 
lumbar 5; SN, sciatic nerve. Scale bar: 0.1 cm. 
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Fig. 2.3 
Fig. 2.4 Ccairputer record of a twitch contraction illustrating 
measurement of 七 he time-to-peak (TTP) and 
half-relaxation time (HRT). TIP, time taken to reach 
peak tension from start of contraction; HRT/ time 
taken for the iraximal twitch tension to decrease to 
half of i t s value. 
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CHAPTER 3 RESULTS 
Four groups of animals were used in the present study: the 
normal unoperated/ young denervated, adult denervated and HRP 
groups• 
3.1 Contribution of Spinal Nerves to Tension in Normal 
Unoperated Group 
Maximal isometric tetanic tensions of 12 normal adult Lewis 
rats of the normal unoperated group were recorded. The 
contributions to tetanic tension by L4 and L5 were expressed as 
a percentage of the tension generated by both nerves together, 
as shown in MATERIALS AND METHODS (see section 2 .2 .3), The 
results shw that in the normal animals, tetania stimulation of 
L4 produced 51% and 92% of the total muscle tension of the SOL 
aM EDL respectively； tetanic stimulation of 15 produced 49% and 
8% of the total tension of the SOL and EDL respectively (Table 
3.1) • 13 and 16 were also stimulated in 5 rats but no tension 
was detected from the muscles. 
Since the number of muscle fibres activated is proportional 
to the amount of nerve fibres stimulated, the tension produced 
by stimulation of a spinal nerve represents the contribution of 
the nerve to the total nerve supply of the muscle. In the 
present study, the SOL and EDL were partially denervated by 
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removal of L4. Thus about 51% of the nerve supply to the SOL, 
and 92% of the nerve supply to the EDL, were removed. 
Denervation was therefore more extensive in the EDL than in the 
SOL. 
3.2 Results from Young Denervated and Mult Denervated Groups 
3.2.1 Recovery in Tension 
Possibility of Reinnervation of Partially Denervated Muscles by 
L4 
To examine the possibility that L4 reinnervated the SOL and 
EDL in�the operate side, L4 on the operated side of the young 
denervated and adult denervated groups was stimulated. No 
tension was elicited from the partially denervated SOL and EDL 
with this stimulation. This indicates that there was no 
reinnervation of L4 to the partially denervated muscles and the 
tension of the muscles was solely contributed by L5. 
. Young Denervated Group 
Partial denervation was performed at 10-12 days after 
birth. 3-20 days later tension recording experiments were 
performed on the operated rats. Isometric tensions of 16 SOL 
and 31 EDL from the operated rats were recorded. Tension on the 
operated side was elicited by stimulation of L5. Tension on the 
contralateral unoperated side was elicited by stimulation of 
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the sciatic nerve. Two to four tetanic contractions of each 
muscle were recorded. Mean value for the tensions of each 
iroscle-was plotted against postnatal age in Figure 3.1 and 3.2. 
Regression lines (P<0.01) were also shown in these figures. 
Correlation analysis indicated that there was significant 
increase in tension not only in the contralateral unoperated 
muscles but also in the partially denervated muscles with age 
during the postnatal period of 13 to 30 days after birth• 
Moreover/ as seen from the regression lines, tension of the 
operated SOL increased at a similar rate as the contralateral 
unoperated ('normal') SOL (slope=0.9 and 1.6 respectively) • In 
contrast, tension of the operated EDL increased much more slowly 
with age than the contralateral EDL (slope=0.7 and 2.6 
respectively). Test for difference between 6ach pair of 
regressions indicates that the difference is significant only 
for the EDL (P<0»001) but not for the SOL.工n addition, the 
tensions of the contralateral unoperated EDL increased faster 
than that of the contralateral unoperated SOL. However the 
tensions of the partially denervated EDL increased more slowly 
than those of the partially denervated SOL. 
Because of the rapid growth of the muscles during the 
neonatal stage and the influence of the muscle size on muscle 
tension, i .e . muscle with greater size will generate more 
tension, tension of the partially denervated muscle was 
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expressed as a percentage of the tension of the contralateral 
unoperated muscle. This percentage, called percent recovery in 
tension., was calculated in the formula given in MATERIALS AND 
METHODS (see section 2.3.4). 
During the first 3 weeks after partial denervation, the 
average percent recovery in tensions of the SOL and EDL were 
77.4% and 15.8% respectively (Table 3.2) . Figures 3.3 and 3.4 
show that only the percent recovery in tension of the operated 
EDL increased with age but no significant increase was observed 
in the operated SOL. The correlation between the percent 
recovery of the EDL with age was weak but significant 
(slope=L68, P<0.05). This is paradoxical to the results for 
tension-age relation of the EDL shown in Fig. 3.2, because the 
percent recovery in tension is the ratio between the operated 
muscle tension and normal muscle tension, so that if there is a 
linear relationship of the operated and normal muscle tensions 
with age, the percent recovery should remain constant with age 
(slope=0) • The paradox may be 鄉lained by the possibility that 
the regression lines in Fig. 3.2 are not strictly linear, and 
the positive slope in Fig. 3.4 may indicate a 1 catching up書 in 
tension development of the operated raoscle, or a 1 slowing down1 
in tension development of the normal muscle. There is l i t t l e or 
no significant difference between the two regression lines for 
the SOL in Figure 3.1. 
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Adult Denervated Group 
Tension recordings on 29 animals were performed 10 weeks 
after neonatal partial denervation. The maximal tetanic 
tensions of the whole partially denervated SOL and EDL were 
obtained by stimulation of L5. The value was then expressed as 
a percentage of the contralateral unoperated value, or percent 
recovery in tension (Table 3.2). With, the removal of the nerve 
supply of L4, partially denervated SOL and EDL were able to 
develop 103% and 58% of contralateral tensions respectively. 
The percent of recovery in tension or the percent of tension 
contributed by stimulation of L5 of the operated muscles was 
greater than the percent of the whole muscle tension normally 
contributed by L5 in the muscles (103% vs 49% in SOL and 58% vs 
8% in EDL) • Some representative recordings of the maximal 
isoinetric tetanic contractions of the SOL and EDL are shown in 
Figure 3*5 and 3.6. They demonstrate the recovery and the 
contralateral \Aiole muscle tensions, and tension elicited by the 
L5 of the contralateral unoperated side. 
3.2.2 Changes in Other Contractile Properties 
Besides muscle tensions, other contractile properties, 
namely time-to~peak (TTP) and half-relaxation time (HRT) • were 
studied in rats kept for 10 weeks after neonatal partial 
denervation. TTP and HRT were obtained from twitch contractions 
and their values are shown in Table 3.3. The partially 
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denervated SOL showed 110 significant change (P>0.05) in TTP and 
a sli^it but significant decrease in HRT (P<0.05) when compared 
with tbe contralateral unoperated values. The pa r t i a l l y 
denervated EDL shewed significant increase in both TTP (P<0.01) 
and HRT (P<0.001) during twitch contractions. The TTP and HRT 
of the partially denervated EDL were 14.1% and 34.9% longer than 
those of the contra la tera l unoperated EDL respectively. 
3.2.3 Motor Unit Number and size 
The number of motor units in the partially denervated muscle 
was estimated either by counting step-wise increments of twitch 
tensions produced by L5, or by calculation as shown in the 
formula given in section 2.3.5. 
There are about 30 motor units in normal SOL (Close, 1967; 
Fisher et a l ” 1989; Gorio et al.； 1983) and 41 motor units in 
normal EDL (Close, 1967广 Balice-Gordon and Thompson, 1988)• 
Some recordings illustrating step-wise increments of twitch 
tensions are shown in Figure 3.7. The number of motor units in 
the partially denervated SOL was too numerous to be counted. 
Therefore the number of motor units in the partially denervated 
SOL was estimated by the formula given in MATERIALS AND 
METHODS. The motor unit numbers of the partially denervated SOL 
varied from 9 to 35. Numbers of motor units in a l l of the 
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partially denervated EDL were assessed by counting the step-wise 
increments of the twitch tensions. The number of motor units in 
the partially denervated EDL ranged from 4 to 16. Mean values 
of the motor unit numbers are shown in Table 3.4. The number of 
remaining motor units after partial denervation was greater in 
the SOL (H2土6,7, n=15) than in the EDL (10.3^2.9, n=15). 
Figure 3.8A and B shew the relationship between motor unit 
number and percent recovery in tension. No s ign i f i can t 
correlation was found between recovery tension and motor unit 
number. The lack of correlation in the SOL is possibly because 
there were always more than sufficient units (9 or more) to 
support the v i^ole muscle; that in the EDL is possibly due to the 
small variation in the number of the remaining uni t s among 
d i f fe ren t r a t s . 
To determine the change in motor unit size of the part ial ly 
denervated muscle, the mean motor unit tension was calculated 
for each muscle by dividing the maximal tetanic tension by the 
total number of motor units. The mean value obtained for the 
operated muscle was then expressed as a multiple of the mean 
motor unit tension of the contralateral unoperated side. Table 
3.5 shows that 10 weeks after partial denervation of the SOL and 
EDL at 10-12 days after birth, the motor units of the operated 
side had increased to 1.6 times of normal size in the SOL and to 
2.4 times in the EDL. 
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To examine the effect of the number of the remaining motor 
uni t s on the expansion of the motor uni t a f t e r pa r t i a l 
denervation, the motor unit numbers were plotted against the 
expansion of motor unit size in Fig. 3.9A and B. Ten weeks 
after neonatal partial denervation, only the number of the motor 
unit in SOL showed a significant inverse correlation (P<0.05) 
with the expansion of the motor un i t . 
3.2.4 Resting Membrane Potential of Adult Denervated Group 
After the tension recording, muscles of 7 animals from the 
adult denervated groip were used to examine the resting membrane 
potentials of muscle fibres. Resting membrane potentials of six 
fibres were measured in each muscle. Mean values of the 
partially denervated and the contralateral unoperated muscles 
were then compared using paired t一test (Table 3.6)• No 
significant difference (P>0.05) was found between the values of 
the operated SOL 卜65.4±6.1) and the contralateral unoperated 
SOL (-70,Q±4.0). This suggests that membrane property of the 
partially denervated SOL was normal 10 weeks after operation. 
However there was a significant difference (P<0.05) in the 
resting membrane potential of the operated EDL (-62• 8±5• 8) when 
cxsrrpared with the values for the contralateral unoperated EDL 
(-69.2土5.7). 
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3.2.5 Changes in Cross-sectional Area of Whole Muscle and 
Number of Muscle Fibres 
工n th is study, H & E sections were used to estimate the 
muscle fibre number and cross-sectional area of the whole 
muscle. The total number of muscle fibres in each muscle was 
estimated using the entire cross-section of the whole muscle. 
The imiscle fibre number of the operated side was then compared 
with that of the contralateral unoperated side (Table 3.7) • The 
number of the muscle fibres in the part ial ly denervated SOL 
(2418±211, n==5) was similar to tha t of the con t ra la te ra l 
unoperated SOL (2595土 107, n=5, P>0.1). However the value of the 
part ial ly denervated EDL, 1919±557 (n=5), was significantly 
smaller than that of the contralateral unoperated EDL, 2700±601 
(n=5, P<0,05)• 
The mean values of the cross-sectional areas from 28 muscles 
are listed in Table 3.8. Data obtained from the operated and 
the contralateral unoperated side of the same animal were 
I -
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ccatpared using paired t-test . Ten weeks after neonatal part ial 
denervation, there was a significant decrease in 七he whole 
muscle area of the operated muscles (n=7 and P<0.01 for SOL, 
n=7 and P<0.05 for EDL). 
In H & E sections, atrophic muscle fibres (fibres with small 
diameters) were observed to be present in the operated muscles 
(Fig. 3.10) and these fibres were found more frequently in the 
operated EDL than tha t in the operated SOL. 
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3.2.6 Histochemical Properties and Types of Myosin 
Chancres in Metabolic Enzvme Activi t ies 
Young Denervated Group 
Sffl and alpha-GPD were metabolic enzymes used to demonstrate 
the presence of oxidative and glycolytic enzymes in the muscle 
fibres respectively (Nachlas et al. , 1957; Dubowitz and Brookev 
1973). Three to 20 days after partial denervation, SDH and 
alphanSPD enzymatic activities of 12 partially denervated and 
their contralateral unoperated muscle in the young denervated 
group were examined. 
Throughout the postnatal periods up to 3 weeks after the 
operation, a l l the contralateral unoperated SOL fibres were 
moderately or darkly stained for SDH and slightly stained for 
alpha-GPD (Fig, 3.11 and 3.12) . Throughout the same periods, 
the partially denervated SOL fibers were stained in similar 
intensities with regard to Sffl and alpha-GPD enzymes (Fig 3.11 
and 3.12) which might be due to the homogeneous f ibre type 
presented in the SOL. All the operated SOL f ibres showed 
moderate-to-dark staining for SDH oxidative enzymes and 
siight-to-moderate staining for the alpha-GPD glycolytic 
enzymes. Thus the histochemical properties of the operated SOL 
rauscle were similar to those of the contralateral unoperated 
SOL. 
In the contralateral unoperated EDL, a l l f ibres were 
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slightly or moderately stained for SDH until 3 weeks after birth 
(Fig. 3.13). After that time not only the s l igh t ly or 
moderately stained SCH fibres but also darkly stained SDH fibres 
were found (Fig. 3.13). All the contralateral unoperated EDL 
were darkly stained for alpha-GPD until 2.5 weeks after birth 
vdien same slightly stained alphaHSPD fibres were observed in the 
contralateral unoperated EDL (Fig. 3.14) . Thus the specific 
metabolic enzyme activities of the contralateral unoperated EDL 
fibres began to establish at the age of 2.5-3 weeks. Throughout 
the first 3 weeks after operation, a l l the operated EDL fibres 
were either moderately or darkly stained for SDH (Fig. 3.13). 
The operated EDL fibres were all dark-to-mcxierately stained for 
alpha-GPD until 3-4 weeks after birth when some fibres of the 
operated EDL were sli^itly stained and the others were darkly 
stained for alphanSPD (Fig. 3.14) • Hence the specific alpha-GPD 
enzyme activities of operated EDL fibres began to establish at 
the age of 3-4 weeks a f t e r b i r th . 
Adult Denervated Group ‘ 
Metabolic activities of the muscles in 15 adult animals were 
examined 10 weeks after partial denervation. Figures 3.15 and 
3.16 showed the Sffl and the alpha-GPD staining pattern of the 
adult animals. The enzyme ac t i v i t i e s of the pa r t i a l l y 
denervated and the contralateral unoperated SOL were similar. 
Fibres which were darkly stained for the SDH and moderately 
stained for alphaHSPD were also found in the operated SOL, They 
were scattered sparsely through the muscle. On the other hand 
- 5 4 - ' 
the operated EDL showed an increase in oxidative enzyme 
activities but a decrease in glycolytic enzyme act ivi t ies 10 
weeks after operation- These results suggested that there was 
basically no change in the metabolic enzyme act ivi t ies of the 
part ial ly denervated SOL but the f ibres in the p a r t i a l l y 





/ aggregations of the same type 
fibres were found in the operated EDL muscles but not in the 
operated SOL (Fig. 3.17 and 3.18)• 
j 
The types of myosin in the muscles of 6 adult par t ia l ly 
denervated animals were examined using an iiranunocytochemical 
method.： The monoclonal anti-fas七 myosin antibody was used to 
demonstrate the heavy chain of the adult fast myosin (Fig 3.19, 
3.20A and C). T h e itonoclonal anti-slow myosin antibody was used 
to demonstrate the heavy chain of the adult slow myosin (Fig 
3.19, 3.20B and D). In the adult/ fast muscle fibres contain 
fast myosin and slow muscle fibres contain slow myosin. Most 
fibres of contralateral unoperated SOL were positively reacted 
with anti-slow myosin antibody but negatively reacted with 
anti-fast ityosin antibody (Fig. 3.19A and B) • There were more 
fibres with fast myosin and less with slow myosin in the 
partially denervated SOL (Fig. 3.19C and D) than that in the 
cont ra la tera l unoperated SOL (Fig. 3•19A and B)• 
. . 1 ‘ 
The contralateral unoperated EDL consisted of mainly fast 
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fibres, and some slow f ibres (Fig. 3.20A and B) • In the 
partially denervated EDL (Fig 3.20C and D), the number of fast 
fibres decreased and the number of slow fibres increased when 
cotpared to that of the contralateral unoperated EDL (Fig. 3.20A 
and B)• 
3.2.7 Histological Study on Innervation of Par t i a l ly 
Denervated Muscles 
After the tension recording, or in some ra t s a f t e r the 
recording of the resting membrane potential, muscles from 17 
young and 12 adult animals were processed for study on the 
innervation pattern. The cholinesterase-silver (ChE-silver) 
method was used to demonstrate motor end-plates (MEP) and axons 
(Figure 3.21) of the miscles. In the contralateral unoperated 
side, each MEP of the SOL and EDL was innervated by one axon 
only. No axon was observed to innervate one MEP and then form 
sprouts to innervate another MEP (Figure 3.21). In the operated 
side of the young and adult denervated groups, one MEP was 
innervated by one axon and same of the axons formed sprouts to 
innervate other MEP. However, in the operated muscles, the 
innervation pattern was similar to the normal innervation 
pattern, in that each end-plate (or muscle fibre) was innervated 
by only one axon. 
Ihe number of innervated motor end-plates was counted in the 
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OiE-silver cross-sections (Table 3.9) of 5 adult p a r t i a l l y 
denervated animals. There was no significant difference (P>0.5) 
between-.the numbers of MEP in the operated and contralateral 
unoperated SOL, ^ ich were 1766±354 and 1761±380 respectively. 
Since each muscle fibres has only one MEP, this indicates that 
the number of inuscle fibres in the operated SOL was unchanged 
after the operation. However the mean value from the operated 
EDL was Mich smaller (P<0.02) than the contralateral unoperated 
EDL/ v i^ich were 2160±1058 and 3893±492 respectively. Hence the 
number of the EDL inuscle fibres decreased after neonatal part ial 
denervation. 
Measurements were taken on the diaineters of 100 MEP randomly 
chosen' in each inuscle. The mean values of MEP diameters of the 
operated and contralateral SOL were 68.2±3«1 (n=9) and 73.6土5 
(n=9) respectively (Table 3.10) . The significant difference 
(P<0.01) between the operated and contralateral unoperated 
values indicates that the operated SOL could maintain normal 
muscle fibre number, but not the nonnal MEP size. However there 
was no significant difference (P>0.05) between the mean values 
of the operated and the contralateral unoperated EDL, 67.3土3.9 
(n=10) and 64.3土5,3 (n=10) respect ively (Table 3.10). 
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3.3 Results of HRP Group 
Possibility of Displacement of the Capsule containim HRP during 
Labelling 
The capsule containing HRP was found to remain in the 
original position as when i t was implanted. Thus i t was very 
unlikely that HRP had escaped from the capsule because of the 
detachment of nerve from the capsule. 
Number of Motoneurons in L5 
After retrograde HRP labelling of motoneuron in the L5 of 
the spinal cord, the numbers of labelled cell bodies in the 
operated and the contralateral unoperated sides were counted • 
There were 523士 199 (n=ll) and 329土221 (n=9) labelled cell bodies 
in the operated and the contralateral unoperated 16 respectively 
(Table 3.11). When the values were carpared with paired t - t e s t , 
a significant increase (P<0.02) in the number of the cell bodies 
was found in the operated side. 
Distribution of Motoneurons in L4 and L5 
In order to compare the location of L5 motoneuron ce l l 
bodies in the operated and contralateral unoperated rats , the 
exits of the spinal nerves from L3 to L6 to the spinal cord were 
each marked by a sharp cut. The location of L5 cell bodies in 
the operated sides was compared to the location of L5 ce l l 
bodies in normal rats. The distribution of L4 cell bodies in 
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the normal rat was also recorded. The normal distribution of L4 
cell bodies was within the exit of L3 and L5 while L5 ce l l 
bodies were located between the exit of L4 and L6. Most of the 
cells were scattered along their own segments, i . e . L4 cell 
bodies located mostly in the L4 segment v^iile L5 located in the 
L5 segment. However, same of the cell bodies were also found in 
the i r adjacent segments. Figure 3.21 i l l u s t r a t e s the 
distribution of the operated L5, contralateral unoperated L5, 
and the normal L4 and L5 cell bodies in longitudinal spinal cord 
sections. In ei^it out of nine operated animals, L5 cell bodies 
of the operated side were distributed in a wider area than that 
of the contralateral unoperated side. 
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Table 3.1 Contribution of L4 and L5 to Normal Muscle Tension 
Tension .ProduGed by Nerve Stimulation (g) Contribution (%) 
n L4 L5 L4 L5 
SOL 12 56 士 40 55 士 41 51 土 8 49 士 8 
EDL 8 215 士 48 18 土 11 92 士 5 8 士 5 
Maximal isometric tetanic tensions contributed by spinal nerve 
L4 and L5 were obtained by the stimulation of normal muscles 
throu^i 14 and L5 respectively. Tensions contributed by L4 or 
L5 were expressed as a percentage of the tension generated by 
stimulation of both nerves together, as calculated by the 
formulae mentioned in section 2.2.3. All values are mean 士 
standard deviation (SD) ‘ Tensions are expressed in grams (g) • 
n, number of muscles used. 
-60 - ' 
.、:j:,. ::/:::1 丨:、 
Table 3.2 Percent Recovery in Tension after Neonatal Partial 
Denervation 
Young Denervated Group (%) Adult Denervated Group (%) 
SOIj 77,4 土 48.2 (n=16) 103.4 ± 28.4 (n=26) 
EDL 15.8 士 20.8 (n=31) 57.5 土 28.6 (n=26) 
The muscles of the animals were partially denervated at the age 
of 10-12 postnatal days. The muscles of the young denervated 
group were examined 3-20 days after operation; those of the 
adult denervated group were examined 10 weeks after operation. 
The percent recovery in tension was the ratio of the tension 
elicited by L5 on the operated side to that of the tension 
elicited by the sciatic nerve on the contralateral unoperated 
side. All values are mean 士 SD. n/ number of muscles used. 
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Table 3.3 Contractile Properties of SOL and EDL 10 weeks 
after Partial Denervation 
• 
SOL EDL 
OP CON OP CON 
Tt 121.2 土 32.4 123.5 土 42.0 97.9 士 40.9 176.9 ± 65.0 
(g) [n=25] [n=26] [n=21] [n=26] 
TW 25.6 ± 15.0 26.3 土 10.9 23.1 士 10.2 58.6 ± 22.4 
(g) [n=28] [n=25] [n=28] [n=25] 
TTP 62,9 土 33«9 58.3 ± 31.6 43.0 土 9.7** 38.0 ±8 .3 
(ms) [n=28] [itf=25] [n=28] [n=25] 
HRT 123.5 土 50«2* 151.3 士 68.4 61.8 ± 14.4*** 46.8 士 17.0 
(ms) [n=28] [n=25] [n=28] [n=25] 
SOL and EDL were partially denervated at the age of 10-12 
postnatal days, ard contractile properties of the muscles were 
examined 10 weeks later. Values of the operated (OP) and the 
contralateral unoperated (00N) muscles were compared by paired 
t-test. Asterisk (*) represent significant difference between 
the values of the OP and the CON. All values are mean ± SD. 
Tensions are expressed in grams (g) ； times in milliseconds 
(ms). n, number of muscles used; Tt, maximal isometric tetanic 
tension; Tw, maximal isometric twitch tension; TTP, 
tJone-to-peak; HRT, half-relaxation time; P<0.05; **, P<0.01; 
P<0.001. 
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Table 3.4 Number of Motor unit of Partially Denervated SOL and 
EDL after Removal of L4 Nerve Supply 
Motor unit number 
OP SOL OP EDL 
19.2 士 6*7 (n=15) 10.1 ± 2 . 9 (n=15) 
The number of motor units in the operated (OP) SOL was estimated 
using the formula shown in section 2.3.5. The number of motor 
units in the operated (OP) EDL was assessed by counting the 
step-wise increments of twitch contractions induced by gradually 
increasing the stimulus intensity to L5. All values are mean 士 
SD. n, number of muscles used. 
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Table 3.5 Motor Unit Size of SOL and EDL 10 weeks a f t e r 
Neonatal Par t i a l Denervation 
OP (g) CON (g) OP/CON 
SOL 7.2 ± 3.4 4.5 士 0.9 1.6 ±0 . 8 
(np=15) (n=15) (n=15) 
EDL 1L7 ± 6,1 5.1 士 1,2 2.4 ± 1.2 
(n=15) (n=15) (n=15) 
Increase in m o t o r unit size (OP/OON) af ter part ial denervation 
is ej$)ressed as a ratio of the average motor unit size in the 
operated muscle to that in contralateral unoperated muscle. All 
values a r e mean 士 SD» Motor unit size is expressed in grams 
(g)• n, number of animals used; OP, operated；CON, 
cont ra la te ra l unoperated. 
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T a b l e 3。6 Mean Resting Membrane Potential of SOL and EDL 
ro. Weeks a f t e r Neonatal Pa r t i a l Denervation 
Resting membrane potential of muscle 
‘derated Contralateral rnioperated P-Value 
、.(•》: • (mv) 
SOL . -65,4 ± 6,1 • 一70,0 ± 4«0 > 0 » 0 5 ' 
; ‘ (n=7》 
E D L - 6 2 : 8 i 5 , 8 . - 6 9 « 2 士 5。7 < 0 . 0 5 * 
；(it^ l) ‘ (hf=7) 
Six samples were e 細 i n each muscle�Seven rats from each 
group -were used. Values are mean 士 SD» Resting membrane 
potentials are expressed in millivolts (mv)„ p values were 
calculated by paired t-teste n, number of muscles used; *g 
significant difference between the operated and contralateral 
‘onoperated values. 
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T a b l e 3 » ? l ^ i B b e r o f Fibres for Par t i a l ly Denervated and 
C o n t r a l a t e r a l Unoperated SOL and EDL 10 Weeks 
•； a f t e r I f e o n a t a l Partial Denervation 
Muscle fibre ' number 
Operabed： .Contralateral unoperated OP/CDN P-Value 
SOL -./2418 ± 211 ： . 2595 ± 107 0.9 ± . >0.1 
::..:V/ : ,:: #,》_:.:. (护5》 • . (n-5) 
.,EDL 1919 ±.557 '2700 ± 601 0�7 士 0»2 <0.05* 
： (^5 ) , - (1^=5) (1^=5) 
Hie muscle, fibre itmher was assessed by counting the nrnnber of 
tte fibres present in the H & E stained cross-sectional area of 
• the Miole-'imiscle. In the third column/ value of the operated 
(OP�misble was divided by value of the contralateral (CON� 
unoperated musclea Values are mean 士 p values were 
calculate:! by the i^irai t-test. nr number of muscles used;长, 
significant difference between the operated and the 
contralateral unoperated values. 
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Table 3』 C r o s s - s e c t i o n a l Area of the Partially Denervation 
aM Contralateral Unoperated Whole Muscles 10 Weeks 
: a f t e r O p e r a t i o n 
Cross-sectional area 




0c08 ± OoOl 0。10 ± CL02 0。8 ± 0,1 <0.01* 
....:ftr7): . (n=7) (n=7) 
E I X 0 � G 6 ± •。•!； (L08 土 0.02 0.7 士 Q , 1 <0 .05 * 
tf^7) (n=7) (n=7) 
All values are mean 士 SD。 Areas are expressed in square 
, , c e n t i m e t p r s ^ ( c s i 2 ) , P values w e r e calculated b y paired 
t-test. In'tlifi third c o l u m n , value of the operated (OP) muscle 
w a s d i v i d e d b y v a l u e o f t h e c o n t r a l a t e r a l ( C O N ) u n o p e r a t e d 
miscle。li； BiJirter of woscles used. *e significant difference 
b e t o e e n • t h e o p e r a t e d a n d t h e c o n t r a l a t e r a l u n o p e r a t e d v a l u e s . 
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Table 3.9 Total Number of Motor End-plates in SOL and EDL 10 
Weeks after Neonatal Partial Denervation 
Motor end-plate number 
C^erat^ Oontralateral unoperated OP/CON P-Value 
SOL 1766 ± 354 1761 ± 380 0.9 ± 0,4 >0.5 
(^5) (n=5) (n=5) 
EDL 2160 ± 1058 3893 士 492 0.5 士 0.2 <0 .02* 





 n JM .,.11.11«|. iff^ uuyL^ . I • ‘ 
A l l v a l u e s a r e p e a n ± SD， P values were calculated by the 
p a i r e d t - t e s t . I n t h e third column, value of the operated (OP) 
m u s c l e ； w a s d i v i d e d b y value of the cont ra la te ra l (CON) 
unoperated suscle. ； n, number of muscles used; *ff significant 
differenoe foetoepi t h e operated and the contralateral unoperated 
v a l u e s 0 . 
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Table 3,10 Mean Diameters of Motor End-plates in SOL and 
EDL 10 Weeks after Neonatal Partial Denervation 
"""" • • '• " " —"••—"•• • . I I . "' •••
 1
 •." '•.. 丨• •• I 
Motor end-plate diameter 
Operated Contralateral unoperated OP/OON P-Value 
(um) (um) 
SOL 68.2 ± 3 e l 73,6 士 6.5 0.9 土 0.1 <0.01 * 
(n=9) (n=9) (n=9) 
EDL 67.3 ± 3,9 64.3 ± 5.3 l . l i O.l >0.05 
(炉10) (n=10) (11=10) 
100 MEP were randomly chosen in each muscle to estimate the mean 
value of the i r diameters. Values are mean 土 SD. Motor 
end-plate diameters are pressed in millimeters (um) • p values 
were calculated by paired t-test. In the third column, value of 
the operated (OP) muscle was divided by value of the 
contralateral (CON) unoperated muscle, n, number of muscles 
used? */ significant difference between the operated and the 
contralateral unoperated values. 
- 6 9 - ' 
Table 3.11 Number of HRP labelled Motoneuron Cell Bodies in 
the Operated, Contralateral Unoperated and Normal 
L5 
Number of Cell Bodies of L5 Motoneurons 
Contralateral P -Value 
N o r m l
 Operated Unoperated OP-CON 
425 士 223 523 ± 199 329 士 221 <0 .02* 
护 1 2 ) (n=H) (n=9) (n=9) 
” ：二 Values are mean ± SD. P values were calculated by the paired 
t峰test, n, number of animal being examined; *, significant 
difference between the number of inotoneuron cell bodies labelled 
in the operated and the contra la tera l unoperated L5; OP, 
opera七ed? CON) contra la tera l unoperated. 
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Fig. 3.1 Graph showing change of maximal isometric tetanic 
tensions of SOL with age. Rats were operated at 
postnatal day 10-12 and examined 3 to 20 days later . 
The regression lines show the correlations between 
tension and age for operated (lower) and 
contralateral unoperated (upper) muscles. 
Correlations for both the operated and contralateral 
unoperatai muscles were significant (P<0 • 01) • Each 
marker represents one muscle. Empty squares for 
operated muscle and f i l l ed t r iangles for 
contralateral unoperated muscle. 
Fig. 3.2 Graph showing change of maximal isometric tetanic 
tensions of EDL with age. Rats were operated at 
postnatal day 10-12 and examined 3 to 20 days later . 
The regression lines show the correlations between . 1 
tension and age for operated (lower) and 
contralateral unoperated (upper) muscles. j 
Correlations for both the operated and contralateral | 
unoperated muscles were significant (P<0.01). Each 
marker represent one muscle. Empty squares for 
operated muscle and f i l l ed t r iangles for 1 
contralateral unoperated muscle . 
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Fig. 3.1 
Maximal Tetanic Tension of SOL Muscle 
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Fig. 3.3 Graph showing change of the percent recovery in 
tension of SOL with age. Rats were operated at 
postnatal day 10-12 and examined 3-20 days later . 
There was no s ignif icant l inear correlat ion 
between tlie percent recovery in tension and the 
postnatal age. Each square represents one animal. 
Fig. 3.4 Graph showing change of the percent recovery in 
tension of EDL with age. Rats were operated at 
postnatal day 10-12 and examined 3-20 days later. 
Correlation between percent recovery and age, as 
indicated by the regression line, is significant 
(P<0.05) . Each square represents one animal • 
.. ...• ； . . . : . -,-. • - . 
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Fig. 3.5 Photographs taken from the oscilloscope during 
maximal isometric tetanic tension contractions of 
the contralateral unoperated (A) and the operated 
(B) EDL. They show that tension elicited by the 
indirect stiinulation of the operated EDL was about 
half of the tension of the contralateral 
unoperated EDL. Each figure consists of two 
te tanic contractions. 
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Fig. 3.6 Computer records of the maximal isometric tetanic 
contractions of the SOL (A) and EDL (B) • REC, j 
tension obtained from stimulation of L5 in the 
operated side; REM, tension developed by stimulating 
contralateral unoperated L5; CON, whole muscle i 
tension elicited by stimulating the sciat ic nerve of 
the contralateral unoperated side • The REC of the 
SOL is over 100% of the contralateral whole muscle | 
tension while the REM i s about half of the 
contralateral ^io.le rauscle tension. The REC of the 
EDL is about half of the contralateral whole muscle ] 
tension vJhile REM is about 8% of the contralateral 
whole muscle tension. 
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Fig. 3.7 Carrputer records demonstrating step-wise increments 
of the twitch tensions, obtained by indirect 
stimulation of the muscle by increasing the stimulus 
intensity from 0-10 volts. The number of motor units 
was estimated by counting the number of the step-wise 
increments. Increments became indistinguishable when 
there were too many motor units (A, SOL) , which 
therefore could not be counted. In the operated EDL 
(B), about seven motor units were present. 
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0 .5 ms 
Fig. 3』Percent recovery in tensions plotted against number 
of motor units in the partially denervated SOL (A) 
and EDL (B) 10 weeks after operation at postnatal day 
10-12. In both SOL and EDL, there was no l inear 
correlation between the percent recovery in tensions 
and the motor unit numbers. Each square represents 
one animalo 
.... . . . . . ' . . . • ‘ . . . . . . . . • • . - ' . _ . . 、 • ， * . • . . 
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Fig. 3.8 
A- % Recovery in Tension of Operated SOL 
vs Motor Unit Number 
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Fig. 3.9 Relationship between expansion of motor unit and 
number of itptor unit. Expansion of the motor unit i s 
the increase in motor unit size a f t e r pa r t i a l 
denervation and is expressed as a multiple of the 
motor unit size of the contralateral muscle. There 
is an inverse (negative) correlation (P<0.05) between 
the values for 七he SOL (A) but no s ignif icant 
correlation between the values for the EDL (B) • 
^ * 
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Fig. 3.9 
A. Expansion of SOL Motor Unit 
vs Motor Unit Number 
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Fig. 3.10 Photomicrographs taken from H & E stained 
cross-sections of the SOL (A) and EDL (B) muscles； 
indicating atrophic fibres (i.e. fibres with smaller 
diameters than the others) present in the operated 
muscles. *y atrophic fibre; OP, operated； CON, 
contralateral unoperated• Scale bar: 0.05 mm• 
- 7 8 - ' 
Fig. 3 .10 
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Fig. 3,11 Hiotomicrographs taken from SDH stained sections of 
the SOL, from 17-27 days old ra t s operated at 
postnatal day 10-12. (A) 17 day-old; (B) 24 
day-old; (C) 27 day-old. Both operated (OP) and 
contralateral unoperated (CON) SOL were darkly or 
moderately stained for sm enzymes. Scale bar: 0.05 
mm. 
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Fig. 3.12 Photomicrographs taken from alpha-GPD stained 
sections of the SOL, from 17-25 days old r a t s 
operated at postnatal day 10-12. (A) 17 day-old; 
(B) 21 day-old; (C) 25 day-old. Both operated (OP) 
arid contralateral unoperated (CON) SOL were slightly 
stained for alpha-GPD enzyme. Scale bar: 0.05 mm. 
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Fig. 3.13 Photonicrographs taken from SDH stained sections of 
the EDL, from 17-27 days old ra t s operated at 
postnatal day 10-12. (A) 17 day-old; (B) 21 
day-»old; (C) 27 day-old. All the operated (OP) EDL 
fibres were moderately or darkly stained for the SDH 
enzyme during the first 4 weeks after birth. Some 
of the contralateral unoperated (CON) fibres were 
darkly stained (*) for SDH 21 days a f t e r b i r th . 
This irdicates that the specific, high or low, SDH 
enzyme activities of each CON EDL fibre begin to 
establish at the age of 21 days. Scale bar: 0.05 
inm. 
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Fig. 3.13 
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Fig. 3.14 Photomicrographs taken from alpha-GPD stained 
sections of the EDL, from 17-27 days old ra t s 
operated at postnatal day 10-12. (A) 17 day-old; 
(B) 21 day-old; (C) 27 day-old. Most of the EDL 
fibres were darkly or moderately stained for the 
alpto-GPD during the examined period. However some 
fibres of the contralateral unoperated (CON) EDL 
were sli^itly stained (*) for the alpha-GPD at the 
age of 17 postnatal days while some of the operated 
(OP) EDL fibres were found s l i _ l y stained (*) for 
alpha-GPD at the age of 21 days or later . Scale 
bar: 0.05 mm. 
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Fig. 3.15 Photomicrcgraphs taken from SDH (A) and alpha-GPD 
(B) stained sections of the SOL, from adult ra ts 
operated at postnatal day 10-12. Both SDH and 
alpha-GPD activities are similar in contralateral 
unoperated and operated SOL. OP, operated; CON, 
contralateral unoperated ； *, same f ibre in the 
se r ia l sections. Scale bar: 0.05 mm. 
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Fig. 3.X6 Photomicrographs taken from SDH (A) and alpha-GPD 
(B) stained sections of the EDL； from adult ra ts 
operated at postnatal day 10-12. The activity of 
SDH was increased and the activity of alpha-GPD was 
decreased in the operated EDL when compared with 
those in the contralateral unoperated EDL‘ OP, 
operated； CON, contralateral unoperated; */ same 
fibre in the serial sections. Scale bar: 0.05 mm. 
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Fig. 3.16 
Fig. 3.17 Montage of v i^ole SOL from SDH stained section. In 
general, the Sffl enzyme activities of the operated 
(OP) and the contralateral unoperated (CON) are 
similar. No type-grouping of fibres is found in the 
operated SOL. Scale bar: 0.5 mm. 
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Fig. 3.18 Montage of whole EDL from SDH stained section, 
illusteatii^ type-grouping of fibres in the operated 
EDL 10 weeks after partial denervation. Scale bar: 
0•5mm• 
~ 8 6 一 
Fig. 3.18 
Fig. 3.19 Hiotomicrographs of adult SOL sections reacted with 
an t i - f a s t myosin antibody (A and C) and the 
anti-slow myosin antibody (B and D) . Rats were 
operated at postnatal day 10-12. Almost a l l the 
fibres in the contralateral unoperated SOL (A and B) 
reacted with the anti-slow myosin antibody but not 
with the anti-fast myosin antibody. However some 
fibres of operated side (C and D) reacted with the 
an t i - f a s t myosin. Scale bar: 0.2 mm. 
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Fig. 3.20 Photomicrographs of adult EDL sections reacted with 
an t i - f a s t myosin antibody (A and C) and the 
anti-slow myosin antibody (B and D) • Rats were 
operated at postnatal day 10-12. Many EDL fibres of 
the contralateral unoperated (A and B) reacted with 
the anti-fast myosin antibody and some reacted with 
the anti-slow myosin antitody. In the operated EDL 
(C and D)y there were less fibres with anti-fast 
myosin reaction and more f ibres with anti-slow 
ir^osin reaction ^hen conpare with the contralateral 
unoperated EDL. Scale bar: 0.2 mm. 
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Fig. 3.21 Hiotomicrographs of ChE-silver stained sections of 
the SOL and EDL, from rats operated at postnatal day 
10-12 and examined 10 weeks later. A and C are 
contralateral unoperated (CON) muscles. B and D are 
operated (OP) muscles. normal one-to-one 
innervation pattern, ->, sprout formed from the 
adjacent axon. Scale bar: 0.05 mm. 
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Fig. 3.22 Photomicrogra如 of longitudinal sections of spinal 
cord from a partially denervated rat (operated at 
postnatal day 10-12) and a normal rat , i l lustrating 
the distribution of HRP-labelled cell bodies of L5 
the operated side, L5 on the contra la tera l 
unoperated side, and L4 and L5 in a normal animal. 
L5 motoneurons on the operated side were distributed 
oyer a wider area than the motoneurons in the 
contralateral unoperated side and motoneurons in the 
normal animal. 05, cell bodies of L5 labelled in 
the operated side; Co5, cell bodies of L5 labelled 
in the contralateral unoperated side; N4, ce l l 
bodies of L4 labelled in the normal adult animal; 
N5, cell bodies of L5 labelled in the normal adult 
animal? E, sharp cut to mark the exit of the spinal 
nerve; S, segment of the lumbar cord. Scale b^r: 
0.2 cm. 
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CHAPTER 4 DISCUSSION 
4.1 Contribution of Spinal Nerves to Tension Development 
In the rat the spinal nerves ('roots') L4 and L5 are the 
only nerves that contribute to the innervation of the SOL and 
EDL (Weiss arsd Edds, 1946; Bernstein and Guth, 1961; Miyata and 
Yoshioka, 1980; Thairpson, 1983； Lowrie et a l . , 1985; Albani et 
al., 1988; BaliceH3ordon and Thoirpson, 1988; Ansved and Larsson, 
1990). Unpublished results on 2 strains (Sprague-Dawley and 
Wistar) of rats from this laboratory also shw that the adjacent 
spinal nerves L3 and L6 do not contribute to the tension 
development of SOL and EDL. A review of the above cited reports 
indicates that the relative contributions of L4 and L5 to the 
SOL are very,variable. Removal of one of them, as in partial 
denervation, therefore will leave a varying proportion of muscle 
fibres denervated, and will cause varying extent of sprouting of 
axons from the other spinal nerves. Different results will 
therefore be obtained 池en different strains are used. This may 
鄉lain VJhy expansion of motor units after partial denervation 
of the neonatal (3-7 day old) rat SOL was observed by one group 
(Fisher et a l” 1989) but not by another group (Brown et a l . , 
1976). For this reason i t was iitportant to establish the root 
contributions before the other experiments of this study were 
performed. Table 3.1 shows that L4 contributes slightly more 
than 15 to the tension of the SOL, but 92% of the tension of 
-91 - ' 
the EDL. Removal of L5 therefore caused more extensive sprouting 
in the EDL than in the SOL. The variation in the re la t ive 
contributions i s small, as seen from the small standard 
deviation in Table 3.1, and this may be attributed to the use of 
the inbred Lewis s t ra in in 七his study. 
Origin of L5 Motoneurons Innervating Par t i a l ly Denervated 
Muscles 
The present results show that the L5 motoneurons innervating 
the hindliiTib muscles were distributed in segment L5 of the 
spinal cord and to same extent in segments L4 and L6 as well. 
The L5 motoneurons on the operated side were located over a 
longer extent of the cord, as corrpared to the location of the L5 
motoneurons on the contralateral side, or to the location of the 
L5 motoneurons in nonnal animals. This, as suggested by Lowrie 
et al. (1985), might indicate that there was same redistribution 
of the L5 motoneurons after transection of L4 spinal nerve. In 
addition, the present results show that there were more L5 
motoneurons innervating the part ial ly denervated hindl imb 
muscles than normal. However, the difference was statist ically 
significan七 only when the resul t s from the operated and 
contralateral side were ccmpared, and was not significant when 
the results from either side were compared to the results from 
the normal animals. If i t was assumed that the contralateral 
side should have the normal number of motoneurons, these results 
would be paradoxical. A possible explanation i s that the 
difference between the operated and contralateral sides might be 
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d u e t o l o s s
 of some L5 motoneurons on the contralateral side, 
probably as a result of some contra la tera l e f fec t of the 
unilateral partial denervation. In addition there might be some 
L5 motoneurons that were destined to die because of competition 
with L4 motoneurons, which were rescued by the removal of L4. 
Alternatively, there migh七 be some undifferent ia ted (or 
•dormant') neurons that became activated by partial denervation 
and sent their axons through L5. At present there i s no 
evidence to substantiate these speculations (or to disprove 
them), and in fact / i t i s s t i l l uncertain whether or not 
motoneurons die during the postnatal period (see INTRODUCTION) • 
4.2 Recovery of Par t i a l ly Denervated Muscles 
. . . . • . • . ： ' ' . . . • • . : . . . • 
In of the studies on partially denervated muscles, the 
SOL of the rat and mouse was used as the experimental model. 
The exceptions are the pioneer studies in 1940s (Van Harreveld, 
1945? Weiss and Edds, 1946), and a recent study using the SOL 
and the fast flexor digitorum longus (FDL) muscles of the cat 
(luff et al. , 1988) • Ihe latter study, however, has a serious 
faul t methodology; no precaution was taken to reroute 
regenerating axons from the sectioned spinal nerve, and the 
survival time after the operation was long enough (3 months) to 
allow their return to the original muscles, especially when 
kittens were used. Betz et al. (1980) partially denervated the 
lumbrical muscle but examined only motor unit size. In this 
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study, the EDL muscle (which has only 8% of nerve supply 
remaining) in addition to the SOL (which has 49% remaining) were 
u?ed. By using these two muscles, the effects of different 
extents of partial denervation on muscle properties could be 
compared. 
工七 may be argued that results from the SOL and EDL are 
difficult to conpare because the SOL is a slow muscle and the 
EDL a fast muscle. However/ results from previous studies show 
that the capability of motor unit of different muscles to expand 
in response to partial denervation is quite constant. The 
results, which were obtained by tension recorting/ shw that the 
magnitude of motor unit expansum in adult animals fal ls within 
the narrow range between 3.5 to 4 times of the normal size - an 
average of 3.9 for rabbit sartorius and quadriceps femoris (Van 
Harreveld, 1945) and 3.5-4 for the rat SOL (Weiss and Edds, 
1946; Ihoitpson and Jansen, 1977; Gorio et al. / 1983; Lowrie et 
al. r 1985). In the partially denervated cat SOL and FDL muscles 
(Hatcher et a l , , 1985; Luff et al；/ 1988)/ the slow and fast 
units both expanded by varying degrees (1-12 times and 2-7 times 
respectively); occasionally some slow and fas t units even 
expanded 16 叩d 19 times respectively • 而 i i e t h e w i d e r a n g e 
from the last study might reflect a random regeneration of the 
sectioned nerve fibres (as a result of methodological fault, see 
above), they nevertheless nidicate that there was no systematic 
difference between the ejq>ansion capability of different units. 
On the whole, therefore, i t is very unlikely that there is a 
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substantial difference between units in the rat SOL and EDL in 
the i r capabili ty to expand. 
Whereas motor units in the rat SOL can expand on the average 
by 4 times their normal size, the actual magnitude of expansion 
is detemined by the availability of denervated muscle fibres. 
This is supported by the fact that when a larger part of the 
nerve supply remains intact or v^ ien the proportion of denervated 
fibres is small, the ratio is always less than 4 (Weiss and 
Edds, 1946; Thompson and Jansen, 1977; Gorio et al . / 1983). 
Whether the capability to expand is also dependent on age is 
uncertain. Motor units of neonatal animals are larger than 
those in the adult because individual neonatal muscle fibres are 
innervated by axons from more than one motoneurons, i . e . they 
are polyneuronally innervated• In other words neonatal 
motoneurons have shared t e r r i t o ry . Later in development 
excessive axons on each muscle fibre are withdrawn, leaving 
behind only one axon. This results in reduction of motor unit 
size. The withdrawal process i s probably resulted from 
conpetition between axons (Thompson and Jansen, 1977) • Partial 
denervation at the neonatal stage disconnects some of the 
motoneurons from the muscle. With the removal of competition 
from their axons, axons of the intact motoneurons are able to 
remain at the neurarauscular junction instead of being withdrawn, 
and a reduction in motor unit size will not occur. Thus the 
larger t e r r i t o ry of motoneurons a f t e r neonatal pa r t i a l 
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denervation is due to non-withdrawal of their excessive axons, 
rather* than formation of new sprouts. in f a c 七 , e v e n w h e n 
nepnatal partial denervation results in many muscle fibres being 
denervated, no further e^^ansion will take place (Thompson and 
Jansen, 1977; Betz et a l . , 1980; Fisher et a l . , 1989). The 
result is that there is a moderate expansion of motor units, 
a u s another factor affecting motor unit expansion i s the 
inherent limitation in the capability of the motoneurons to 
sprout. 
In the present study, about 19 SOL motor units and 10 EDL 
motor units remained after partial denervation at postnatal day 
10-12 (Table 3.4). These comprised about 2/3 of the normal 
number of the SOL units (about 30, Close, 1967; Gorio et a l . , 
1983), or 1/4 of the normal number of the EDL units (about 40, 
Close, 1967; Balicensordon and Thompson, 1988) • Mathematically, 
an expansion by 3/2 (i.e. 1.5) times of the SOL units, or 4 
times of the EDL units, would bring about full recovery of the 
respective muscles. Since in the adult rat , motor units can 
expand by 4 times their size, i t may be expected that the 
partially denervated SOL and EDL of this study can fully recover 
their tension. In fact however, the SOL units on the average 
had e^ >anded by only 1.6 times, ana the EDL units by 2.4 times 
(Table 3.5). Thus i^iile there was a good recovery (by 77-103%) 
in tension of the SOL, the recovery of the EDL was only 16-58% 
of normal tension (Table 3.2). 
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The smaller extent that neonatal EDL motor units expanded 
after partial denervation, as compared to the 4-times for the 
adf i^lt units, was quite surprising. There are nevertheless 
indications from other studies that young units probably expand 
less than adult units. Fisher et al . (1989) obtained about 
2.2-2.5 times expansion of the SOL motor units after partial 
denervation at the age of 4-6 or 17—19 postnatal days, even 80% 
of the nerve supply was removed. Furthermore, this ratio was 
obtained whether the expansion was due to non-withdrawal of 
excessive terminals, or reinnervation of the denervated muscle 
fibres by sprouts. A smaller increase (by 17%) was observed by 
Thompson and Jansen (1977) in the neonatal rat after partial 
denervation at day 1-5. Calculation from Betz et al . -s (1980) 
data flowed that 4-5 weeks after neonatal partial denervation, 
the reinaining single motor unit in the rat lumbrical muscle 
expanm^^nly by 1.3 times. In the present study neonatal rats 
of 10-12 days were used. At this stage the elimination of 
polyneuronal innervation has proceeded through two-third of i t s 
course, and the muscle contains both singly-innervated and 
polyneuronally innervated fibres. Partial denervation therefore 
would result in denervated muscle fibres and non-withdrawal of 
the remaining axons. Both of these would favor an increase in 
motor unit size. Despite this the present resu l t s on the 
expansion of the SOL and EDL units were not substant ial ly 
different from the results of the other studies. From the above 
data, i t may be suggested that neonatal motor units expand to a 
lesser extent than adult uni ts ; furthermore, since the 
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estimation of motor unit size was made in adulthood (10 weeks) 
a f t e r the neonatal operation, i t may be suggested tha t 
subsequent to the e^nsion in the neonatal stage, there will be 
l i t t l e or no further expansion after maturation into adulthood. 
The followiiig section provides further consideration on this . 
4:3 Time Course of Functional Recovery 
Hie increase in tension of the SOL and EDL was used i n this 
study as an indication of development of the muscle. Figures 
3.1 ana 3.2 shew the relation within the postnatal period day 
10-30. I t can be seen that the contractile strength of a normal 
EDL increased faster with age than that of ^ normal SOL. More 
importantly, the Figures show that the partially denervated 
muscles 藥tured more slowly than normal in terms of force 
production. In the EDL where the denervation was more 
extensive, the retardation was more obvious. Assuming the 
change in tension with age follows a linear relationship for 
both the operated and contralateral muscles, the percent 
recovery in tension of the operated muscle would remain 
unchanged with time« In other words, a muscle pa r t i a l l y 
denervated in the neonatal stage will develop the same amount of 
tension relative to the normal tension, no ipatter at what stage 
during development i t i s examined. This independence of 
recovery with age is clearly illustrated in Figure 3.3 for the 
SOL. Paradoxically, a small degree of dependence was observed 
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for the EDL (Figure 3.4) • This may be due to the non-linearity 
of the tension-age relationship as explained in RESULTS. On 
maturity into adulthood (at 10 weeks) , there was a s l igh t 
increase in the percent recovery of the SOL, and a substantial 
increase in the percent recover/ of the EDL (Table 3.2) • Thus 
while the development of the operated muscle was retarded, there 
seemed to be same 'catching up' at a later stage. Overall, i t 
appears that the recovery in tension did not improve； or only 
increased gradually, with age. This agrees with the above 
conclusion that expanded neonatal motor units undergo l i t t l e or 
no further expansion a f t e r maturation into adulthood. 
Time Course of Sprout Formation 
The l i t t l e increase in recovery with time during the 
postnata^ period of 10-30 days means that the remaining intact 
motoneurons react to partial denervation quickly with the 
formatiorv of sprc^ts, and that the sprouts quickly become fully 
functional. Figures 3.3 and 3.4 show that some of the high 
values for percent recovery were observed as early as day 14 in 
the SOL or day 17 in tee EDL. That the higher values appeared 
in the EDL later than in the SOL may be due to the extensive 
denervation, so that some denervated muscle fibres might l ie 
farther away finora t h e sprouting axons. Partial denervation in 
this study was perfonned at day 10-12. From the present results 
i t may be concluded that after partial denervation, axons begin 
to sprout quickly, and functional recovery is conpleted at about 
4 days in the SOL, or 7 days in the EDL after the operation. 
The review on other resul ts in INTRODUCTION shows that 
functional recovery of the rat SOL is cortpleted 10-15 days after 
the operation. This is the duration observed in adult animals. 
I t thus appears that functional recovery is completed (i .e. 
reaches a new stable level) earlier in neonatal animals than in 
adult animals. A possible explanation for the difference is 
that the distance for the sprouts to reach the denervated fibres 
is shorter in the neonatal animals than in the adult animals. 
4.4 Effect of Partial Denervation on Properties of Muscles 
Metabolic and Physiological Properties 
Several studies have shown that partially denervated muscles 
fatigue more readily than normal muscles 油en their nerves were 
stimulated (Brown et al., 1976; Thompson and Jansen, 1977; Luff 
et a l . , 1988) . The reason for th i s was believed to be a 
decrease in transmitter output at individual nerve terminals. 
This was convincingly demonstrated by experiments showing that 
surgical removal of part of a muscle (thus reducing the 
territory of individual motoneurons) increased transmitter 
release (Herrera and Grinnell, 1980), whereas pa r t i a l 
denervation reduced transmitter release (Lowrie et a l . , 1985; 
Jacob and Robblns. 1990a) • Following partial denervation in the 
adult rat SOL, there was a distinct decrease in width of the 
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axon teminals (Kwong/ 1987; Fisher et al. , 1989). The size of 
the end-plates, however, remained unchanged or was slightly 
increased (Table 3.10). Jacob and Robbins (1990a) proposed that 
the decrease in terminal size and/or a decrease in si tes for 
transmitter release might be the cause for the reduction in 
transmitter output. With repetitive electric stimulation i t 
should be easy to demonstrate that neuromuscular transmission 
fails more readily at these terminals than at normal terminals. 
The question is Aether in real life these terminals are already 
efficient enough to perform normal function. On the other hand, 
Nature's rule may be that nothing is produced in excess, in 
normal organisms apart from those providing a 'safety factor、 
and this rule may apply to the production of transmitters, i f 
邙is i3 the case, the terminals in the partially denervated 
muscl弯雜uid probably perform only a sub-normal function. 
Furtheritore, i t i s known that t ransmit ters are released 
spontaneously from the axon terminal, and they generate 
miniature end-plate potentials on the muscle fibre (Fatt and 
Katz, 1951) . i t has been suggested that such potent ia ls 
produced local ionic currents, which might affect the genetic 
expression of muscle nuclei (Fernandez and Donoso, 1988). I t i s 
therefore conceivable that certain neural influence is reduced 
when the axon terminals become smaller and weaken. 
While the influence of spontaneously released transmitter is 
not exactly the influence of impulse-evoked release on 
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muscle properties is well established. As seen in INTRODUCTION, 
electric activity of the motoneuron causes contractile activity 
of muscle fibres. The neural signals are passed to the muscle 
fibres by means of synaptic transmission at the neuromuscular 
junction. If Nature's rule applied, i t mi^it be envisaged that 
the contractile activity of partially denervated muscle would be 
subnormal. Since contractile activity of the muscle determine 
i t s properties (Vrbova； 1979)，these properties might also 
become abnormal too. 
The present resu l t s show that the changes in muscle 
properties were inore obvious in the EDL than in the SOL. This 
is probably iDecause sprouting was less extensive in the SOL and 
hence the defect in synaptic transmission was smaller. In the 
SOL, the distribution pattern of metabolic enzyme activities and 
攀sin isc^nzymes remained similar to normal, except for the 
appearance of same fibres with high SDH, moderate alpha-GPD, and 
weak SICM- irt/osin reactions. The number of fibres with strong 
fast-myosin reaction was also increased. These observations 
suggest that either some fast-oxidative-glycx)lytic (FOG) fibres 
were formed, or same existing fibres were converted into this 
type. These fibres were scattered throughout the muscle • In 
contrast to these observations, Connold and Vrbova (1990) 
reported the disappearance of high-SDH fibres from the normal 
rat SOL after partial denervation. I t may be that the FOG 
fibres are innervated by a single or only a few motoneurons, 
v^ iose axons may lie either in L4 or L5 but seldom both. Thus 
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al l of them will either remain behind, or be removed a f t e r 
p a r t i a l denervation. 
The fact that these FOG fibres were scattered suggest that 
a l l muscle fibres innervated by L4 and L5 intermingle in a 
homogenous manner, so that partial denervation will result in 
denervated muscle fibres being distr ibuted throughout the 
muscle. 
Compared to the SOL, the operated EDL demonstrated more 
pronounced changes in i ts metabolic activities. The increase in 
SDH activity was particularly obvious. There was also an 
increase in the number of fibres with positive anti-slow myosin 
react ion. 
‘. ‘.. ...,.. • ：. ...... • . , •........ ‘ : i . ‘ • ‘： .. ... - ： .... ： .+• 
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The ctianges in contractile properties of the SOL and EDL 
appeared to be parallel to those in metabolism. The change in 
contraction speed in the SOL was not d i s t i n c t , though a 
significant decrease in relaxation time was observed. The 
shortening of the half relaxation time could not be due to the 
increase in FOG fibres, since no change in the time-to-peak was 
observed. In the EDL, a slowing in contraction was observed, 
and this correlated well with the increase in the reaction of 
slow-inyosin isoenzyme. The prolonged relaxation in both muscles 
is probably due to changes in the sarcoplasmic reticulum 
system. I t was suggested above that the SOL of t h i s study 
underwent less changes because only half of i t s nerve supply 
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was removed. In the study of Fisher e t a l . (1989) no 
significant change in the contraction and relaxation speeds was 
found in the SOL after removing 70-80% of i t s nerve supply at 
postnatal day 5. Ohis extent of denervation is quite similar to 
that of the EDL of th is study (92%)• The lack of change in 
contraction speed in Fisher et a i . ' s study (1989) suggests that 
prabably the SOL muscle fibres are inherently more resistant to 
the effect of part ial denervation, as compared to the EDL 
fibres• 
That the EDL was more affected than the SOL af ter part ial 
denervation was also reflected in the change in their resting 
membrane potential； Ihe resting membrane potentials (RMP) of 
fibres in both muscles were decreased (become less negative with 
respect to outside), but the decrease was significant only in 
the operated EDL muscle. The decrease in RMP is one of the 
earliest changes detected after complete denervation, before 
otter changes take place (Albuquerque et a l . , 1971)； and has 
been attributed to an inability of the Na~K pimp to reaccumulate 
potassium (Dockry et a l . , 1966) . I t may be possible that the 
decrease in mp my be the initial step leading to a series of 
changes in the miscle fibres follwing the partial denervation. 
Muscle Fibre and NimbP-r 
Measurements on iruscle fibre number, cross-sectional area of 
the Uiole muscle, and end-plate number further show that the SOL 
was less affected than the EDL. The similarity between the 
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operated and contralateral SOL in these parameters shows that 
the SOL was able to recover well from the operation. The 
operated EDL on the other hand has less fibres (and therefore 
end-plates) than the normal EDL. About 70% fibre population and 
50
% end—plate population were present in the operated EDL 
muscles. Since each f ibre has one end-plate there i s a 
disagreement between the fibre number and the end-plate number. 
Ihis disagreement may be due to sampling of the muscles used for 
the counting, counting of sectioned endplates twice, or failure 
to detect splitting muscle fibres, or a combination of these 
factors. As a result of the reduction in fibre population, the 
cross-sectional area of the operated EDL was reduced. 
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CHAPTER 5 CONCLUSION 
A motoneuron is induced to develop axonal sprouts in 
response to denervated muscle fibres of a part ial ly denervated 
muscle. Functional recovery of muscles a f t e r p a r t i a l 
denervation is due to re-establishment of the functional 
nerve-muscle contacts • Those contacts are fonned by sprouts 
arising from the intact nerve fibres. Sprout formation results 
in the expansion of their motor units vdiich is 1.6 times of the 
normal size in SOL and 2.4 times in EDL. The expansion of the 
motor units after neonatal partial denervation is less than that 
after partial denervation performed in adult animals, suggesting 
that neonatal motor units may have a lower capabi l i ty to 
expand. Since the number of the HRP labelled L5 motoneurons i s 
greater in the operated side than that in the contralateral 
unoperated side of the partial ly denei^ated animals, another 
possible explanation for the functional recovery of the muscles 
may be the rescue of motoneurons or that are destined to die as 
a result of a neuronal death process, or the recruitment of 
neurons outside the L5 pool. Functional recovery was nearly 
complete at about the 4th day in the SOL and the 7 th day in the 
EDL after neonatal partial denervation. Compared with the 
previous results, these data suggest that functional recovery 
proceeds much faster in the young muscles than in the adult 
muscles after partial denervation. The expansion of motor units 
imposes a strain on the motoneurons for synthesis of extra 
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materials to support the newly formed sprouts. The effect of 
the partial denervation is greater in the EDL than that in the 
SQL, and this may be due to the more extensive denervation of 
the EDL. Ihus, after neonatal partial denervation, recovery in 
tension of the EDL is 58% (of normal tension) and that of the 
SOL is 103%. Contractile, metabolic ana membrane properties； 
and myosin isoenzyme pattern are changed in the EDL, but develop 
normally or are altered to a much less extent in the SOL. I t is 
surprising to see from the contractile properties, metabolic 
activities and resting membrane potential of the operated SOL, 
that despite the removal of half of i t s nerve supply, i t s 
postnatal development is l i t t l e affected. Equally suprising, 
the changes in tension and other muscle properties of the EDL 
are less extensive as compared to the amount of nerve supply 
remov,. Thus in the partial denervation experiments, as they 
have in the cross-innervation and chronic stimulation 
experiments (see INTRODacriON), the nerve and muscle once again 
demonstrate their great adaptability to changes. In the i r 
adaptation in the extensive denervation muscle, the normal 
contractile property and metabolism of muscle fibres are lost; 
in return' the survival of the affected f ibres and the i r 
development into adulthood are ensured. 
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